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I.  INTRODUCTION 

Tliore  is  a  long  liisto:y  of  interest  in  snow  triction. 
mostly  because  of  the  interest  in  recreatiotial  skiing. 
However,  interest  in  snow  frietion  also  cotiies  from  a 
variety  of  subjeets  of  practical  imponatice  ineluJing 
automobile  tin  s,  aircraft  .skis,  ice  breaker  |iiopulsion, 
and  off-road  .  ehicles.  Kinetic  friction  h.is  been  studie(.l 
the  most  and  is  discussed  b.'re  because  of  the  tipplica- 
tum  of  tluit  inlonntuion  to  skiing,  but  static  frietion  is  of 
more  interest  in  applications  such  as  automotive  trac¬ 
tion  (.Ahttgon  et  ah  198b). 

There  has  been  ctinsidenible  uncertainty  iibout  the 
meeiitimsmsof  snow  and  lei'  Irietion.  In  particular. theie 
Ikis  been  contio\ers_\  tiver  the  melt-lubrication  theory, 
but  there  is  ;t  considciabic  body  of  evidence  to  support 
the  itlea,  and  lubrication  by  melting  is  widely  accepted 
in  other  tireas  ot  It  ietioiiiil  studies,  or  tribokigv  (c.g.  1  .im 
and  Ashby  1987),  Bcciiuse  this  is  the  central  issue  to 
understaiuhng  friction  iiver  a  wide  lange  of  n.itural 
coiuhtions,  much  tittcntion  is  ilcvoted  to  it  here.  1  hesc 
issues  ;irc  considcicd  m  the  etirlv  st.iges  ot  this  review 
ami  then  the  |iertinent  obsein  ations  on  snow  irioiion  tirv 
summ;iri/,eil.  This  tipproaeh  is  t.iken  because  the  pu  pose 
here  is  to  umiei  stan  isnow  frietion,  not  just  tosumm.n  i/e 
ol'.ser  ations  iif  it. 

Woik  on  this  subject  began  some  time  ago  te.g. 
Gluldon  1 92,^),  but  the  most  impoi  iant  jieriod  '’  as  when 
Bowden  developeil  both  the  funda.nental  ideas  behiiul 
the  theory  te.g,  Bt'wden  ;iik1  Hughes  B',i9)  and  miio- 
diieed  polytctratiuoioethylene  H’  I'  I’-  i  as  a  better 
base  lor  recieational  skis  (Bouilen  I9.s  1.  Theie  was 
als(.)  interest  m  aircraft  skis  in  this  periou  (e.g.  Klein 
1947 ).  including  ;i  lot  of  interest  in  the  LhS.SR  during  the 
war  yetiis.  Associated  with  the  Wmtei  Olym|iie  Games 
in  .Sapporo,  the  .lapanese  |iublisheil  Sc  iciuifu  Snnlv  of 
SLntr^  in  .Icipnn  (.Society  ol  ,Ski  Seienee  1 97 1  >.  and  the 
Scandinavians  increased  their  elloits  m  the  kite  1970s, 
1  his  high  level  of  interest  is  likely  to  continue  because 
of  the  widespread  interest  in  recieational  skiing  ;ind  ski 
racing.  As  m  many  aieas  of  technology,  the  subject  has 


been  developed  to  a  veiy  lugh  level  without  a  good 
liliysieal  understanding  of  the  processes,  but  to  continue 
tlieevoh'tion.  research  will  be  necessary  to  im]iioveour 
basic  unde.'sianding  of  the  mechanisms  that  account  for 
the  low  frietion  of  snow.  The  outstand  ng  questions 
require  increased  knowledge  of  the  eontaei  area  be¬ 
tween  siK>w  and  shdeis.  the  role  of  meltwater  lubrica¬ 
tion  including  thickness  of  the  water  films,  the  occur¬ 
rence  of  electrical  cluirges.  the  iiossibility  of  ctipillary 
lionds.theaetioimfdirtatthe  interface,  tind  dry  frictional 
proee.sses  Knowledge  of  the  effects  of  load,  speed, 
tenipeiatuie,  snow  tyi’e,  ami  slulei  inoperties  on  till  of 
these  processes  and  parameters  is  critical  to  under¬ 
standing  even  tic  sim|>lest  results  from  triction  e\- 
perimenis  or  obscrvatimis  under  natuitil  eond.itions. 
Oiherw'ise  the  results  of  hibortiiory  expeiimeiits  are 
often  not  tram.fertible  to  other  environments. 

Beyond  nuiking  ti  briet'  iiaioduetion  to  the  snow 
surface,  the  puij'iose  here  is  to  review  w'hat  is  know-n 
tiboui  snow  frietion  tind  to  tulvtince  the  field  by  testing 
some  common  assertions  ;i'  ut  smuv  frietion.  To  this 
end  the  meehanisms  espniisible  for  shdung  will  be 
icvii'wcd.  cspeeuilly  dry  sliding  and  nieltwat>'r  lubri¬ 
cation.  The  desC'  ijMions  ot  some  of  these  meehanisiiis 
aieexp.inded,  but  there  is  not  enough  mfonnation  about 
them  ioeombine  them  into  a  theory  ol  snow  friction  loi 
airplnation.  The  measiiierl  values  of  tiietion  will  be 
suniniai i/eil  to  identily  the  effects  of  loarl,  speed.  ;iiul 
lempeiatiire.  Observation'-  of  interfaeial  beat  and  liquid 
generation  .vill  be  reviewed  ;ind  some  new  lesults 
introduced.  When  |iossible.  the  tnosi  gi.'iie.al  jHissible 
eonekisions  will  he  ih.iwn  from  these  test^.  but  the 
icsullsareoften  specific  to  the  jiartici.lartest  eomh lions. 
With  some  uiuleistanding  ot  the  piocesses  and  obser 
v. It  ions  available,  at  tempts  to  1 1 II  >dif\  triehonby  ai.l|usting 
the  pioperties  ot  --ki  bases  a:e  examineil.  because  ex- 
perience  with  ski  w  axing  ami  sii  uctui  mg,  should  hel|t  us 
understand  the  |iroeesses.  This  m  tiiin  should  help 
ntijy  the  majoi  remaining  pioblenis  lor  research  anil 
ilie  |llospeet^  foi  mcieasmg  oiii  umlerslandmg  of  the 
subjeei. 


II.  SNOW  SLRKALK 

Much  inl'onnat'on  has  bcei.  gcnoratotl  about  the 
pliysical  propcuics  ot  snow ,  ai'.i  some  of  that  intomta- 
t.ion  IS  ap|ilicablc  to  the  snow  surlaee.  l  lie  snow  lein 
peratuie.  density,  slrcngtli.  liquid-water  content,  and 
ciystal  types  are  ot  particular  interest,  but  the.se  snow 
naianieters  are  ditVicult  to  tnoasure  on  the  snrtace  and/ 
or  they  assume  rather  dilTeieut  value,  just  because  v)l' 


the  i>resence  ot  the  alr.'snow  inte;  lace,  l-'ui  iheimore.  the 
jias- ape  ib  a  slider  alTects  so'ne  ot  these  iiarametei  s. 
especially  temperature,  densitv .  hquul-watei  content, 
and  eiy.-i.d  .^'lape. 

When  siRiw  tall  occurs,  the  eryst.ils  can  be  ehissilied 
using  one  of  the  standard  elassilication  systems  such 
as  Maeano  and  Lee  jiybb).  'riiere  is  a  wide  range  ot 
possible  ervstal  t\ pos  tiepending  on  the  pies  ailing  tem- 
pcialuie  and  luimulity  eoiuhlions  i.luiine  the  tbi- 


.'In  /<  <•  particle  polished  hy  i  iihhiiti;  with  n  Jlha  htock. 


♦ 


/>  :\n  ii  C  particle  polished  liv  rcpcalcit  passes  of 
htoiilie-lype  skis  I  he  himips  on  the  pohshci!  sm  tiiei’ 
iippearcii  to  luive  residted  lioiii  the  ski  dniu  iry  the 
\eiiie-  Jihii  as  It  nun  ed  past  the  u  e  yraoi 


I  iyiii‘-  I  I'olislud  lee  /uirtu  ies 


iiKiIioii  ol  MUn\  ciNsI.il-i  m  iIk-  almosphoio.  .\1iIumii;Ii 
ihcic  ina.v  i:oi  he  any  oncninciUal  ohscivaiiorA  slunv- 
ins;  tlic  cl  kxls  111  hil  tcrciU  tyi’Cs  iil  llc^ll  mu>\v  ci  VNlalN. 
skiL'is  have  leal  lied  llial  eokl.  Ii  'sIimkiw  aiidinaii  made 
siu'«  are  ■'aeL;^es^i\c''  .iiul  letiuiie  liaider  waxe-^.  The 
lack  o!  iiiioinKiiioii  ahoal  ihe  eonipaelive  xlieiiiah. 
poroMiy.  and  ainailanly  ot  ihrieieiii  types  ol  sii-ns 
Miitaeos  hinits  the  appliealion  id  kiuniledae  about 
snow  to  penetal  siaienients  about  the  i'ire\;iiliiij;  eon- 
liitions.  A  nioie  deltiiled  eUissil ieation  td  snow  stii 
Itiee  eoiuiiiions  is  nectled  to  eovoi  the  complete  ranee 
ol  eoiiilitioiis  ii'.elatiinu  Iresli,  wiiididt'wn.  wet.  sur- 
taee  hoai,  tinispieael.  gla/etl.  limnioti.  polishetl.  anti 
rctio/eii  s'jiltiees.  A  start  on  this  elassnieation  ean  be 
lotind  in  Colbeek  el  ^tl.  (I99(i).  Init  that  ekissitiea- 
tion  done  without  special  attention  to  the  siirraec 
eemditions. 

Snow  h action  is  oitcn  ot  l•uercst  m  situations  w  here 
,he  sui  f  ace  has  been  polishetl  by  repeaietl  cros  igs.inul 
tleitiiled  niicroseopic  ohservtuions  ot  the  snow  stirlace 
iidlow  inu  rctieaied  passes  tne  neetleil  tta  tloeiiinenl  tlie 
etTeets  that  the  slitlei  has  on  the  snow  .  The  polished 
snow  ttrauis  in  hiutue  I  show  wliai  aiipear  to  he  melt 
water  etips  tormed  on  snow  stn  laces,  ainl  I  letiie  2 
showstistirlttce  iluti  ishiehit  polished  liom  rei'eatedski 
passes.  These  ptdished  eiaiiis  can  be  eeiteitited  by 
iiiiiiiiiiu  iiie  siioii  MutaCC  wili'i  .in',  tlat  idijcct  atiil 
intliettle  tncltine  and  relree/in;,;  on  the  lec  ttiains  that 
w  ere  cidtlacted.  l  ietiic  I  b  sliow  s  a  niched  r.rain  stn  itiec 
I'roni  the  passage  td'  Ntirdie  skis.  Definite  evulence  of 
meltinu  aiul  reliee/ina  t  .-ai  be  seen  tm  this  smooth.  Ilai 
stiil’acc  that  is  not  oiieiiiod  with  the  laeets  ol  the  ice 
crysi,.l.  The  sinall  Inimps  on  the siii  lace  su.ui'Csi  tliai  the 
nieliw  aicr  layei  was  tiraw  n  into  htiiiul  islands  beloie  it 


lelii'/e.  l  iuiiie  2  shows  .in  td'lrpie  \icw  td  a  linthK 
|ii>lishcd  siittw  siiil.ice  where  the  snititdli.  tl.iik  stirlaces 
appeal  to  have  resulletl  Irom  melt  my  anti  icl  recv.int;iiue 
to  icpeatcii  I’.isses  td  Ntmlic  skis.  Vliis  plitdoeiapii 
shows  contiict .  ol  about  I  hi)  to  .slK)  pm  in  si/e  and  a 
contact  aiea  td  iiea.i ly  .‘'0''; .  which  is  nuich  hiphei  than 
ltii  sintacesth.it  ha\e  lud  seen.is  main  ski  passes. These 
liiehly  polishetl  ui  I  aces  are  w  ell  know  n  to  have  h'w  cr 
Inetion  tlian  iinptdishctl  sin laecs;  this  is  lud  suiprisiny 
since  ice  is  slippeiiei  than  snow.  |.i'ssibl'.  tliie  tti  the 
tlyn.imiest'l  laiuei  coinacts  iColbe  k  l9SS)oi  the  lack 
td  .inynl.ir  ice  eiains 

It  Is  also  mipoitani  to  look  ltd  e\  itlence  of  leci  \  sial 
li/alion  on  the  sin  lace  ol  lee  asiterities  that  m.n  be 
ileltd  metl  by  tli  y  processes  as  the  slitlei  passes.  Both  ice 
and  tdliei  materials  niieleato  small  er_\ stalhtos  at  ihe 
surlace  tli.it  aie  oiienietl  for  casN  elule.  riiese  wtnihi 
olle.  ess  icsist.mce  to  tie  ltd  mat  ion.  .sci  it  is  imptd  ;ani  to 
knt'w  if  they  exist  on  snciw  sm  l  aces.  Other  siens  td  tiry 
priKcsses  such  .is  Hake  removal  or  iiouyinu  shtniltl  be 
soudlit.  especi.illy  at  low  spectls.  siiutll  loatls.  aiul  low 
temperatures  wheic  meitw  aiei  liibnc.dion  is  hmitctl.  In 
myexammaiit'iiisid  snow  suitaces  i  havenoi  seensueh 
e\ Itlence  but  llii/ioka  tld(i2)  saw  lee  chi|i.s  .it  .i  low 
specil  where  less  heal  is  eeiieiaietl.  I  aittdtiinately.since 
mellw.ii'd  usually  exists  at  the  siirlaccs  td  the  ice 
ci>  st,;'..  .ill!  i ay  slidine.  e\  itieiiee  td  leetx  sta'h.'atitdi  oi 
e\en  etiuump  mi;;hi  be  tlestitwctl  as  the  nieitt.aiei 
lefiee/es.  livulencetd  sin  lace  ctdidit ions  tlia  inushtlini; 
is  tlilliculi  tti  eailiei.  aiul  it  is  especially  tliflieuli  tii 
estimate  llie  actual  ctmiact  aiea  tliiiinu  shdiny  (1  .iitieiiia 
l9S  i).  The  ski  tempeialoie  ineasuremenis  tlesciihctl 
l.itei  yn  esome  mltd  maiioii  .iludit  tlie  sin  laecetdithiions 
tliniiit;  slitliiie.. 


/  lyn/f  2  (fhlujii-- Ill'll  i>/o  /ne/i/t  /'l■//\7lc,/</l  cu  o/ 
Mil  (ijici  I  i  i'i  iih  ,1 1'liwrs  I'J  Xi'i  lilt  ,'v/'c  .\A/  \  llit  hliit  k 
i/rcw.v  will  ilii’  .snj’j'i'i  iiiiw  .tni/i/.  c.\  iluii  .//i/ic.n  c.i  o.'  ii 
ili.sliiiii  c  It'  l"iiii  ii  si'ihi,  lev  \i;i  III,  e  wiih  ,i  mu  hn  -iikr 
liiii\ii 


111.  SL1I)1\(;  Mix'll AMSM.S  AM)  MODKl.S 


I  ho  slidin;;  pinoossc''  ;uc  liisoussod  bcloiv  ilic 
inoiisuicnK'iUs  ol  liiciioii  .irc  pivsoiuoil  because  ii  is 
iieeessar>  lo  have  at  least  a  ueneial  uiidei  standi iigul  the 
|iioeessesbetoiethee\|ieiiniental  lesultseaiibeput  into 
peis|ieeti\e.  ratoitiiiiately  this  will  lead  to  some  rep¬ 
et  it  loiud  the  disetissionollioth  theory  and  observations. 

Various  ineehanisins  eoiitribute  to  the  lesistanee  to 
shdine  over  snow :  plowmi:  and  eonii'aetion  ot'siu'w  in 
trout  of  the  slider,  snow  ilel'onnation  below  the  slider, 
dieloniiation  or  liaettire  of  aspe'ities.  sheariiiu  ol  the 
water  lilnis  that  snppoit  the  slider's  weight,  eapill.ny 
attraction  Iroin  other  water  atiaeliinents.  and  drag  by 
surlaec  din.  Although  adhesion  is  a  very  ini]roriant  p.iii 
of  friction  when  the  sliding  materials  arosimihir  in  then 
molecular  struettiie,  are  smooth,  ;ind  have  time  to  boml 
(Rabmow  iez  Idfid).  it  is  ignored  here  because  icegr.nns 
usually  slide  on  .i  veiy  dissiniilar  material,  such  .is 
polyethy  lene  or  ski  w  ax.  111111101111010.  the  sin  f.u.es  are 
|nob.ibly  not  molecul.n  ly  siiuioth,  the  times  for  inter.ic- 
tion  tiro  usually  shon.  and  polyethylene  and  I’.T.l-.l 
surfaces  .ire  known  to  h.ne  low  atlhesion  to  other 
mtiienals  (.Sieijn  1967).  Llectrost.itie  tbreosmay  inter¬ 
act  with  some  of  these  meehanisnis.  cspeci.iliy  when 
solid-to-solid  eont.ieis  e.uise  eleelrosi.itie  eh.irges  that 

C,inl.  S'."'!!!'-  i  !l!  !•>!)  l>  Cs'.'v'!*  1'! 

these  meeh.tnisms  here  but  there  is  not  siilTieient  in¬ 
formation  av.ul.ible  to  give  muehdet.iil  lor  any  of  them. 
l•ulthermol■e.  it  is  haul  to  generah/e  tuun  most  of  the 
avail.ible  meastiiementsof  ti  iction,  sotheexpei  iment.il 
results  are  not  always  b.elpful  in  testing  the  itletis  pie- 
sented  about  these  mechanisms. 

Although  the  mecluinisms  do  not  opeiaie  indepen¬ 
dently  .di  I  foreni  mech.inismsdorioniin.iie  uiHlerifillei 
eni  eoiuliiioiis  (.d  lo.ul,  -  orl.  lemper.iuire.  unighness. 
wetness,  snow  iy|ie,  and  shdei  ch.ii.iciei isiics.  1  ..iter  we 
will  e.\:umne  the  indn  ulu.il  mech.inisins  .md  rlescnbe 
some  of  tlieii  interactions.  If  the  processes  opeiaieil 
iiitlepeiuleiilly .  the  total  ti  iciion  tp )  couki  1k'  exi'ie-  serf 
.is  the  sum  rd  a  siiies  oi  t^niis  lepiesenimg  e.ich 
mecli.inisin,  or 

M  ~  fh’l.’W  fhll\  "r  Mill!'  ''  '  Iklrtl  t  1  f 

where  the  subscripts  plow.  ihv.  hih.  onp.  aiul  iliri  lep 
lesent  the  Inclion  due  lo  plowing,  solid  ileloim.ition, 
w  atei  luba  ic.iiir'ii.  eapill.ny  .itir.iction.  .iiul  surf. ice  Con¬ 
tamination.  respectu  ely.  Othei  terms,  such  .is  one  due 
to  snow  (.hsaggiegalion,  loukl  .iKo  be  included  aiul 
111  iglii  be  nil j'ori. lilt  since  snow  gr.iins  seem  to  i  ele.ise  In 
rebound  .liter  lapid  ski  p.iss.ige.  When  two  processes 
intei.ict  111  p.ir.illel.  howe\e;.  liie  tr'l.t!  InciKin  ninst  be 
expiesserl;  ti'i  e\;im|'le.  .is 


Mills  Miuii 

Then  il  is  iiuieli  nioie  dilbcull  to  rlescnbe  the  total 
1 1  ieiion  because  the  processes  must  be  understood  inde- 
peiuienily  ;iiul  collectnely . 

If  eiunigh  iiilonii.ition  weie  .u.til.ible  about  the 
mech.inisins.  the  cadUi  ibuiirm  of  e.ich  could  be  conve- 
niciitly  summ.iri/.ei.l  in.i  friction  mechanism  m.i|usuch 
as  those  ilcwekiped  for  we.ii  by  Iain  and  .Ashby  ( 1 987 ). 
'I  heirm.tps  w-eie  const ructed  f  rom  the  awiilable  ex|iei  i  - 
meni.il  d.it.i  aikl  then  explainer!  by  theory.  .-\  map  for 
snow  is  suggesteil  m  I  igure  .’.i  foi  tw ri  slithii';  iiiech.i 
nisms;  .isperiiy  ilelomiation  .iiul  movement  o\ ei  f  ilms 
ol  meltw-.iiei.  lineality  thedem.nc.itionsbetweenihese 
regimes  are  inrlistinci  since  there  m.iy  be  some  smkage- 
occuiring  eoneuirentb  with  eithei  ot  die  rdhei  iwri 
mech.misins.  which  themselves  ricciii  simuli.'iieouslv 
when  the  melt  films  ruily  p.iili.illy  sep.irate  the  two 
solids. 

I’Kiw  ing,  dm.  .md  r;ipill.iiy  lidces  increase  drag  but 
cannot  be  arideil  tr'  this  m.ip  wiihmit  resorting  to 
multiple  .ixes  ili.ii  w  rnild  inr  luile  siunv  coinpiessibihty . 
dirt  conceniratu'n,  .iikI  lii|uirl-w aiei  eontent  oi  tern 
pel. dine,  n  he  eller '  ol  leinpei.iime  is  sho".  n  in  l  igiiie 
.'b.  where c.ipi  11.11  y  rli.ig  is  includer!  to.iecrninl  Ird  lu|mrl 

'• !  b.i!  '  vici  s  *  I  ’  but  k!v'  ’'ix.'*  a  II  pj'v'i  I  ill  ’  i  '*  1 1 1 

ol  the  slirlei .  1  he  itle.i  rd  .i  c.ipill.ny  ;itl:i,'limeiil  lo  a  ski 
IS  shown  in  l-igiiie  1.  alihougli  tlr.-se  .itl.ichmenis  liar  e 
lud  been  seen  .ii  .i  siu'w, 'slirlei  mieif.ice  itself  The 
piricesses  slii'wn  in  l  igme  .'b  rki  lud  h,i\e  cle.ii 
boiiiirlai  leseiihei , .Iiul  .ve expect  neighboi  ine  piocesscs 
loviecui  simiili.ineoiisly .  .Since  heat  .leeumul.ites  .dong 
the  lene.th  r.t  a  slirlei ,  rliy  pu'Cesses  .ippe.ii  tork'iiiin.iie 
at  the  fr'iil  rd  the  slulei  iKIem  1917)  but  liielion  is 
icrliiceri  l.inhei  ,dr>ng  die  shrlei  where  there  is  eiunigh 
.iccumul.iierl  he. it  m genemte  meliw.uei  at  the  iniei '  ice 
tC  olbcrk  I9SS).  dills  irle.i  is  sii|ipoilerl  Untlier  l'\  tfir 
temper.iiui e  me.isuiemeiiis  ot  C'rdl  eck  .iiui  \^  .iiien  tm 
press)  w  ho  trniiiii  ih.ii  in  sidiei  siuw. ,  w  heie  die  Ir'iigi 
liirhnal  cr'iii.ict  between  the  two  suit. ices  \ras  nioie 
iimliiim.  teiiipei.iuiie  mcie.iserl  .done  the  eniiie  lenelli 
ol  the  ski. 

'fhere  ,iie  many  idliei  i.iii.ildes  missing  luiiii  tins 
liielion  iiiech.inism  m.ip,  iiiclurlmg  slulei  cli.ii.ir  ir-i  is 
tics  such  .',s  loiigliiKss.  tliemi.il  cr'iuliiciu  iiy .  Ik-xilnl 
uy.  slirir'i  h.iulness.  .md  w.itei  ic|'ellenc\  .is  well  .is 
snow  ch.ii.ictei  isiics  such  .is  suil.ice  gl.i/mg.  ci\  si,i| 
.iiigulai  iiy .  .iiul  cr'in|iicssiliihu  .  The  niimliei  rd  iliese 
im(ioii.ini  ixii.imeteis  rn  v.iiiables  sIiown  Iiow  tlilliculi 
It  I  .itulesci  ibe  SIU'W  ti  iclioii  IP  .1  genei .it  w  .i\  .nut sliow  s 
how  much  more  .  'iiiplex  die  sul'ieci  r't  siu'w  ti  iciion  is 
ill. Ill  ill, It  ol  111, my  othei  siibiecis  m  iiiludog\.  siu.-h  .is 
twomel.ils  incoiitacf  Nrweitlieless.  n  is  \rr'idi  iookim; 


Speco 
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Ik  Ti’iiipi'i aturc  and  l  iilin  <»/  lihid  fit  n’lnpiu  iivi-  .Mirnplli  o/  llw  ^nllu■  \iii  l,ii  c 

I 'ip  III  id.  I'l  h  ihiii  iiuip.-<  .\l  1 1  lump  till'  iliiiiiiiiiinl  pi  I  HCwi's  hn  ilijji'i  iiii ,  ,induuin\  is 
ihi-  i  iiiii/iiii  iiri'  .'•ii  t'lip.'h  iij  till-  .snuu-  siiijiii !' 


at  ol  the  iiK-cliaMi.sin>  >s.'pai iilcis  lo  ^lll>\^  lun\  tacalh  mi  the  sIciiMls  sil  tits'  snoss  aiisl  the  piesMiie 

c  iti  he  sle^c|■ibell.  exeiteil.  while  teiit|'eiaiiiie  aiisi  speeil  ate  aKsi  iiiipsn 

taut  luMti  iiniiiteiitiiiii  emtsisleialimts,  Cileiiite  tl'hS7) 
Plt)wiii;i  ami  coiii|)aeti(iii  Mi;ai;e>tesi  that  the  li  s'iitai  iiitpaet  lesistaiiee  (/  K  oiiKI 

Tlteie  is  tesistaiiee  to  a  sliilei's  ttintimi  whs'ii  the  he  a|'pui\ititateil  h\ 

IS  emiipresseil  amlA'i  piislis'il  asiile  as  the  sliilei 

piiieeesls.  Ihtth  sil  |iiese  pieee.sses  ihssipale  eiierj;\  tiitil  /  pi,...  -  i\m  uii-.\h  (ai 

shns  hu  sMini  piiij;iess  th'iiipaelimi  was  disettsseil  h\ 

Nahava  el  al.  tl97l),  wlii'  sluiwesi  examples  ot  the 
ei'i'apiessniii  Inilh  helew  .1  ski  1  liis  piaeess  slepemK 


w  lieie  p^i,  IS  snow  sleilsils ,  n  is  slnlei  ss  iillh.  n  is  ils  speed, 
aial  A/i  IS  the  siiika-.e  slepih.  The  es|iii\  aleiii  eoel  I  leieiil 


lie  ohiaiiKi.1  I  rani  tests  stieh  ;is  Ahclc  mkI  's  ( 1 976). 
!>  Is  still  iMiknov.n  sr)  the  priihleiii  is  tuii  soKcd.  Haw¬ 
es  ci,  these  I elaiioiisliips  do  suggest  the  possibihts  lor 
some  iiselul  expeimionts  based  on  die  pi  ineiples  de- 
sei  ihed  .ihcn  e. 

l)r\  riil)l)iii;;;iiid  Iftittsilion  to  tiKltwatcf  lulri  ieatioii 

1)}  \  i  iih'nii':^ 

W  hen  ir.eltss  atei  luhi  ieatioii  is  absent  or  insulfieicnt. 
sliding  nnist  proceed  totally  oi  in  part  b_\  elastic  or 
plastic  rlelonnation  and/or  tiacture  ot  as|reritfs  on  the 
suriaces  tKaroiwa  Ih77).  Barnes  et  al.  tIbTI  i  sug- 
gesterl  ti'.at  no  ineltssatei  w;is  generateii  at  -I  7  C  when 
granite  shrl  on  ice  ;it  speeds  ot  less  than  I  nnn/s  and 
w  hen  111  as ,  slid  on  ice  i-i  speeiK  o'  less  than  100  i:iin/s. 
I  luis  it  is  _'le;,r  that  meltwater  i  geneiateu  in  all  but 
possibly  the  coklest  cases  ril  skis  cii  sleds  traselhng  at 
norm  ill  spe,.i,ls  on  snow  .  This  id  so  sliow  s  thiit  metal  i  un¬ 
iters  iire  worse  titiin  wood  lunneis  ,,i  low  leiiiiieraUiies. 

Ice  is  more  re.idils  dcformei.1  at  highei  tempeiatuiCs. 
especial!'.  iibo\e  iibout  Bein'.',  tiiai  temperature 

tiiictuie  ol  tile  .ispei dies  might  be  moie  likeK .  but  tins 
nlcii  needs  to  he  tested  by  nnct  osi'ojtic  ohsei  \  at  ions  ai'.tl 
uitia-onic  measineineiits.  l|■laclillc  of  bmids  at  lo-.'.ei 
teinpei .itui es  may  exphiin  the  cuinching  sounds  m.ide 
h;.  widkmg  on  cold  snow.;  The  ehsei  .a’lon  tiuii  ttiud 
wiixes  iciluce  liiciion  iii  lo-c  tempei.nmes  (Shiniho 
I  h7 1 )  !.-ii;i  |iiohiihl>  he  exph'ined  i'\  less  gougmg  ol  the 
wa.'  w.hen  it  isliiiidei  and  b\  tlie  li.ird  w;'\  toiimngaiul 
1  etaming  ii  smooth  stii  lace  o\  ei  w  hieli  giidmg  can  tiiKc 
place  most  easils . 

Bowden  and  '1  abort  I  hti  1  ibeiiec  cdi  dial  asp.eritiesoii 
the  soltei  suilaees  alwacs  \  ieid  phtstic.dly  and  si.iteil 


that  snow  must  hehiwe  in  ihis  wa\  beciiiisc  the  tnclion 
on  a  slidei  '.v.i  siiow  is  iicail'.  |S|0|ioriioiud  to  load  iind  -s 
independent  oi  the  urea  oi  eontaet.  Then  mocetnent  :s 
thought  to  he  due  to  the  del''niiiition  ot'  ice  giaiiis  and 
not  to  the  net ormat loii  ot  the  si idci  or  its  coatings.  1  Inis 
It  Is  •■oneiiiiic  lltoiighi  llial  the  slider  base  shi.id.d  he 
liiiniei  iliaii  ice  id  the  airhieni  lempendme.  Ilo.sc'.ei. 
the  hoitom  ol  liie  .hdei  w  dl  be  healed  along  its  length 
so  lliiii  deKiriiiatioii  on  the  suilace  ol  the  snow  giains 
wiil  aclua.Ily  lake  jiliise  at  i-.  tenipei  aluie  gieatei  th;ui  the 
ambient  tenipei  jiurc.  especiallc  o\er  the  pans  ol  the 
slidei  that  cany  most  of  the  K'ad.  In  spne  ol  the  softc: 
malci  lal  I'.emg  niorcciisiic  d.ctormcd.  ih.c  fiont  ofahnn:- 
nun;  aiiciafl  skis  iiic  tlcgradcd  h_\  d:_\  fnclion.  .Klein 
lh47).  perhaps  hec.iuse  ofrlin  on  the  sno-A  smtace.  In 
tael,  one  piitp.ise  ol  a  ski  wax  should  be  to  pro',  ule  ii 
saci  ilicia!  coiitmg  that  is  luiid  enoiigh  to  cause  the  lee  l.i 
deloi  :i;  ncai !\  all  ol  the  time,  hut  not  so  h.nd  tiiat  it  nex  ei 
tads.  .•Xci'oiding  to  Baines  el  al.  (Ih7l;.  tit'’  lliciionid 
elleci  ol  plow  ing  ol  the  solter  niidei  ial.  usuiiilx  the  ice 
grains  for  a  slider  on  snow  .  can  he  icdiicci.1  I!  the  slider 
IS  h.iuier  liian  the  ice  and  the  slulei  is  smooth,.  I  his  is  ai 
impoiiaiii  si.iicmei'.:  about  the  use  ol  haul  aiul  smooi'.i 
wiixcs  to  leiluce  liMion  at  low  lempemtuie.  wheie 
niedwatci  hihi. cation  is  leduccrl.  and  it  will  he  dcxcl- 
oped  inoic  q'.i.iniit.ilix cl>  l.nci, 

I  he  lailuie  "t  r  l^■p■.■n'ls  mi  me  i.ii'-  ol  lo.'.iiiiig. 
which  deieiimnes  wheihci  d.eloi m.nion  is  piedomi 
iiantl)  rluctde  oi  hiiitle.  .•Mlho.igh  ice  is  ■tiongei  |oi 
fa-tei  I, lies  ot  lo.iding  (Bo'.xdcii  aiul  1  .ihoi  19(id).  the 
\  leld  sliess  .it  an\  tenipei .ilni e  1 1  ;g.  i  le.ielies  ii  pkileiui 
at  l.iarlmg  lates  that  aie  much  slo'.cei  than  tho.e  ol 
iiilcicst  heic.  and  the  hanincss  do  the  same  ( Banies  cl 
ill.  1V7I  I.  Bcc.iusc  wc  .lie  oidx  ci-  .ceine''  ahoiii  liinh 
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I'i^ure  6.  Hardness  of  -jiious  sub- 
stances  r.v  temperature  {from  Bowden 
and  Tabor  I9(}4  j.  Only  the  hardness  of 
ice  changes  rapidly  ovei  this  tent- 
peruturc  lain^e. 


hoinolouou''  teiii|icraturos  for  icc.  itu  hardness  of  icc 
mc^eus^.'.^  rapidly  as  tcnipcraturo  doorcases,  whereas  the 
hardness  of  w.ixcs  and  plasties  increases  much  moie 
slossly  over  the  same  teniperaiure  rarutc  (i-'ig.  (i).  In 
addition,  the  hardness  of  ice  is  hijtlier  iit  liijrli  knidiiij; 
rates,  whereas  the  hardness  of  waxes  tat  least  paraffin 
wax)  is  indeiiendeni  of  loading  rate.  I'or  the  inateiials 
tested.  Bowden  and  Tabor  (1961)  showed  that  only 
I’.T.h'.B.  IS  harder  than  iee  but  otily  at  tenipcratures 
above  about  - 1  .“i'C.  I  larder  \s  axes  have  been  nuirketed 
inoie  recently,  and  Bowden  and  Tabor's  tests  do  not 
accu..nt  1  or  the  duct  ile-to -brittle  transition  that  occurs  in 
polymers  at  their  transit  ion  temperature  t'I’obolsKy  I'^bO) 
and  may  oeeui  in  some  ol  the  liardest  ski  "w.ixes,” 

1  einpei  atm  e  tli  iinbuuon 

Kegaidless  ol'thc  exact  mechanism  by  whiel;  failure 
oeeuis,  ileloiinatioii  jl  the  aspeiities  on  the  slider  and/ 
or  the  snow  is  necessary  tui  nioveinent  of  .i  slider  when 
meltw  atei  lubiieaiion  does  not  completely  sejiarate  tiie 
sliding  surfaces.  I  he  conlc.ct  points  in  dry  sliding  aie 
snuill  asperities  that  heat  rapidly  bectiuse  the  encigy  is 
dissijiated  over  a  smtdi  ,iiea,  i.e.  "Hash  heating."  Tliis  is 
till  inijHntanl  |ihenoii.enon  in  friction  because  icc  is 
much  soltei  tit  highei  tempeitiluies  and  bectiuse  the  ice 
niay  eventually  leach  its  melting  lempei.itiire  ami  jiio 
duce  lubiicatiiig  iiicliwatei.  lliis  subject  has  been  ex¬ 


plored  many  times  for  ol'icr  materials,  tind  the  transition 
from  dry  to  lubtictitcd  sliding  h.is  bee.,  obserxed  both 
expcrimentully  and  theoretictilly  in  metals  (e.g.  .^rcliard 
and  Fiownirce  1988). 

The  niteof  heat  generation  by  a  sliderr  <•/  y  is  given  by 

(/  =  UiBV  (7 ) 

regardless  of  the  mechanism  by  which  the  heat  is 
produced.  Although  the  fractional  contact  area  htis  not 
been  measured  for  dry  sliding  over  snow,  sohd-to-solid 
contact  areas  arc  generally  thought  to  be  of  the  order  of 
magnitude  of  10“'  (Bowden  and  Hughes  1939)  or 
smaller,  so  the  stress  concentration  is  large  and  the  heat 
is  dissipated  through  a  small  area.  In  addition,  the 
coefficient  of  friction  is  larger  for  dry  friction  than  for 
lubricated  friction,  so  the  heat  generation  is  correspond¬ 
ingly  gieater.  To  analyze  its  thcnnal  behavior  we  as¬ 
sume  th  It  the  slider  is  perfectly  smooth  and  that  all  of  the 
asperitie  ■  are  iee  panicles  in  the  snow.  Then  the  ice 
particles  are  in  contact  along  the  entire  length  of  the 
slider  while  any  [loint  on  the  slider  is  in  contact  intennit- 
tently  with  ice  panicles  of  contact  radius  / .  Because  of 
this  intcnnitteni  conitat  of  tiny  point  on  the  slider, 
Coibcek  and  Warren  (in  press)  obserxed  steady-state 
temperatures  at  the  btises  of  skis  that  were  just  below, 
but  not  at.  the  meii'iig  tempeiaiuie. 

When  conitici  is  made,  the  lempertituie  of  an  objeci 
rises  above  its  initial  x  tilue  accoiding  to  the  w  idely  used 
lonnula 

A'/' =  2(/(r  Tt/p;,,)'  -  (8) 

wheier/  istlie  hetit  flux  tii  the  surface,  r  isimie  atiei  initial 
contact./.  IS  thermal  conductivity,  p  is  density,  tnid  C|.  is 
the  heatcap.icity  of  ihe  object.  .Accoidnigly.  tin  ice  grain 
trtivcilmg  tilong  the  length  of  a  shdet  would  teach  it 
highei  leinper.iiute  than  .iiiy  |)oiiit  on  the  slider  l.ecause 
the  ICC  gram  would  be  m  eonimuous  contact  whcre.is  ;i 
point  on  Ihe  slid’  '  xxoukl  onK  Fie  m  cont.ict  iniemnt- 
teiilly.  1  he  point  on  the  shdet  xsanild  heat  ;uid  cool  m 
cy  cles  as  ice  |iatticles  slide  ptist  tluil  point.  1  Ins  suggests 
that  any  point  on  ilic  slulei  would  lie  lietUed  in  a  step 
wisr  f.ishioa.  as  shown  m  1  iguie  7.  wheic  an  ascending 
pattern  ol  heating  .iiid  cooling  shuxss  the  mdividutil 
heating  and  cooling  cycles.  As  long  .is  the  motion 
contmues.  the  cooling  cycle  is  nevei  long  enough  to 
letuiinlie  point  on  the  slide!  to  tile  timbieiit  lempeititiii  e. 
and  thus  heat  accumuhiles  ;it  th.il  point  .iiid  the  iempei;i 
tuie  Uses  toxstiid^  ;i  cju.isi  equihbi luin  x.ilue.  (/nec 
tiioimn  slops,  the  tcm|ieiaUiie  decavs  slowly  Ixick  I" 
w;nd  Ihe  .iinliient  s  alue.  ;is  sl)o\s  II  lot  a  point  on  a  shdet 
III  I  iguie  7.  .An  example  ol  Ihe  f'  -  tempeialtiie  use  ,ind 
llie  slow  dccas  nicMsuied  on  ,i  co.iise  lime  sc.ile  at  '.he 


(•  7 .  livp/iiliciiicti  pattern  />/  tcnipci  tiiarc  t  ise  at  anc  paint  ana  slider  as  it  passes  in  and 
out  fij  i  ontact  with  water fthns. 


baseot'aski  subjoi.ic(itotliiccc\clcsot'stop  yoinoiioi) 
IS  shown  in  I-igurc  S. 

Assuiiiiiiy  torcoiuonioncoiiiai  tlichcal  izc-ncraicclby 
fViciion  llowsctiuall  s  into  i lie  icccoiit^icis  and  the  slidci, 
ihc  liea!  lliix  inio  one  ice  contact  is  qlltinr-.  wliore  ii  is 
the  total  lumiberofconlacisorconttict  ladius/-  between 
the  snow  and  tiic  slider.  Coniliiiiinu  eqs  7  anti  K  to  show 
the  dependence  ol  the  leniperature  rise  ot’an  ice  panicle 
on  speed,  load,  ami  contact  area  cit  es 

A7  =  (uU  a./ini'-A,)  (tK,/;t) '■ 

where  K  is  tl  niial  dilliisit  its  and  the  subscript  /  is  lor 
ice.  As  suggested  in  Ingures  7  and  S.  the  etfect  tor  one 
point  on  a  slidei  iseumulaiis  e  until  a  plateau  is  reached. 
Ilowcsei.  it  the  ice  particle  is  in  contact  continuoush . 
Its  iein|ieiaiuie  ssouki  use  steadily,  ssliich  allows  us  to 
e.xaniiiie  the  conditions  uiulei  sthich  the  lein|icraluie 
rise  ot  an  ice  giain  is  sullicieiit  to  leacli  the  inciting 
point. 

Ke|)oits  ot  dog  sleds  oiiera.ling  at  polai  tcni|ieratuie.s 
iiiduale  that  wooden  sledge  luiineis  e.s|ieiience  very 
high  liKiioii.  jiiesuniabls  ilis  liiction.  when  the  Icm- 
peialurc  iliojis  to  about  -lt)'C_  te.g.  Goiiltl  Id.il )  .imi 
that  metal  IllnneI^  aie  even  worse  t.Scotl  I90.s).  Mans 
skieis  base  c\|iciienced  this. same  iiicicMse  in  tiiciion  as 
teinpciaiuie  dioj's  well  bekiw  liee/iiig.  In  eq  9.  i|  we 


assume  that  r  is  the  lenglli  ol’lhe  slider  r/;  divided  bs  the 
speed,  the  maxiniiini  possible  leniperature  rise  of  an  ice 
panicle  in  contact  w  nh  ;i  slider  is  given  b> 

.iiKrk,)  fiilKjii)'''  (10) 

Vv'itli  'he  coninion  assumption  that  lo;id-be;iring  tirea  is 
propon.ional  to  weight  ( Bow  den  and  Tabor  1  eq  1 0 

shows  the.'  the  lempcratuie  rise  inci eases  as  the  square 
rootsof  siidei  speed  and  length  d  h.s  suggests  a  gi Cater 
possibility  of  leaching  the  melting  temperature  and 
experiencing  inellwatcr  lubrication  in  longer  sliders, 
and  It  IS  obsei  ved  that  longei  slideis  have  low  ei  friction 
at  low-  icinpci  alines  (In  icksson  19.‘i.‘i),  presumably  be¬ 
cause  ol  the  higher  tenificaiuics  achieved  at  the  inier- 
lacc.  Ill  ark'iition.  liiction  decreases  as  speed  incieases 
aboveihe  veiy  low  values  w  I  jcie  no  melt  waiei  isihouglii 
to  exist  and  where  di\  lubbing  is  the  onlv  frictional 
pioccss.  koi  typical  \  akics  kn  iiiy  fiiction  and  downhill 
skis  (p  -  0  .s,  U  =  400  N.  area  =  0. 1 6  in-  with  (I.  I '  ;  m 
actual  contact,  v  =  10  m/s,  and  /  =  2  in),  the  inaxmuim 
I'ossibic  lenipei  atm  e  iiseol  an  ice  giain  during  pass, ige 
ol  the  skis  wcnild  be  inoie  than  11)'  K.  (Jl  comse  this 
lempeiatuie  mcie.ise  could  not  occin  because  the  ice 
grams  woukl  start  melting  a'  some  point  along  the 
length  ol  the  slider.  Thus  m  most  situations  ot  inteicsi, 
a  small  poition  ol  the  lioiil  ot  the  shdei  is  diy  while  the 
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!■  i:-^iirc  iS.  'I'ei»pcr(iriii  e  mcastti  cd  </f  lliv  base  <ifa  iki  duriii;^  rhi  i’i-  c  ycle.s  ofsturf  cind 
^tup  (from  Calhcck  and  Wan  en,  in  press/. 


romuiiidof  ol  tlic  '“ii'iili  i^  lubricated  by  tiielt\^ater. 

I  he  traction  ot  tlie  loit^tli  oi  ttic  siiocr  titai  I'^dry  iiax 
a  iiiajcir  iiiniiciicc  ou  the  overall  frictioti  experieiKcd  by 
the  slider  because  the  cocftlcieiit  of  friction  for  dry 
slidine  is  much  greater  than  that  for  lubricated  sliding. 
It  is  also  iniponant  that  the  wear  nun  tor  dry  slidinu  is 
much  higher  than  for  lubricated  suuing,  so  the  dry 
portion  of  a  ski.  for  example,  should  be  m.  'e  from 
harder  pttlymers  and  should  be  w  axed  for  both  lowei 
tciiiperaiurcsand  hu'  der  icectaiditions.The  length  over 
which  the  front  of  a  shder  is  diy  can  be  found  by 
rearranging  et)  10  and  then  sotting  A7  ci|ual  to  the  snow 
surface  'emperaiurc.  Colbeck  (19Sb)  derived  a  more 
complete  expression  inchiding  heat  flow  into  the  slider 
;ind  found 


-"PUiv 


where  the  si.bsciiiit  .s/  refers  to  the  slider,  //  w  its 
thickness,  and  0  is  its  tractional  contact  area  with  die 
snow,  or  nK~/'u  l.  l,ehtov,iara  ( I  OS'  •  1,1)  derived  a 
similar  et.|uatio-i  but  tissuincd  ihe  is  a  peifecl 

insulator.  Ap|ilication  ol  this  equati  "•s  some 

\  cry  interesting  results  because  it  give  ’•ca 

turn  ol  the  ilegice  to  \\  liieh  dry  versus  lu hi . 
occurs  III  manv  instances.  It  suuuests  that  the 


many  laboratory  experiments  cannot  be  applied  to  snow 
skis  because  th.'  siuiers  used  in  liie  iaiioiaiory  weie  too 
short  and  ihespeedsioolow.  thus  giving  a  very  different 
proportion  of  dry  versus  lubricated  sliding  between 
laboratory  models  and  skis. 

1-rom  eq  11  it  is  clear  lh;it  /jp,  is  greater  for  highly 
conductive  sliders.  Accordingly,  they  have  higher  fric¬ 
tion  both  because  /,ir>  is  greater  ;ind  bcctnise  once 
melting  begins,  it  is  not  as  intense  since  more  oft  leheat 
generated  by  friction  is  conduciet,!  tiway  from  the  inter- 
tace.  For  a  pcilectly  insulated  slidei  with  eriual  to 
().2:md  taking  cas.I.Oy  MPa  '  from  llu/.iok;i's  (1962) 
measurements,  the  length  of  the  dry  zone  at  the  front  of 
a  slider  is  7. op;. 4  /n  w  here  /  ,„  is  ilie  temperature  of 
the  snow  surface  ;ind  n  is  in  m/s.  For  a  2-m-long  skiiluu 
Is  well  insulated  and  moving  at  K)  m/s  on  snow'  ot 
-Urc,  /jr,  is  about  8  mm  or  about  O.d'/i  of  the  total 
length  llowevei,  tor  Iriction  tests  such  as  those  ol 
.Sloifeldt-ldhngscn  and  roiger.scn  ( 198.'^)  with  a  speed 
ol  0..^  ni/s  using  a  slider  of  total  lengdi  0..^  in.  the  dry 
length  is  0.26  m  oi  88M  ol  the  total  lengtli.  'I'hus  tiie  ski 
expel  lences  picdominamly  lubricated  Irietion  along  its 
Ic.igihi  where.is  the  majority  of  slidoi  s  m  laboi  atoiy  tests 
cxperiencemostly  airy  Inction  aiong  ihci  r  lengths. 'Piieic 
IS  some  uneeitainly  in  these  numeric.il  lesulis  because 
ilii/iokii's  riata  was  taken  when  meltwatei  lubrication 
occurred,  and  the  value  ot  i  would  probably  be  smaller 
durim;  drv  rubbiiiu.  However,  the  coiielusioiis  are  at 
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I-'r^urc  9.  Lcir^ili  aftlictiry  ai  i-ci  at  the  final  of  a  .\lulcr  ws  teiapcratiii  c  cah  uhacd 
Jrnia  cq  12  far  o  sacne  ofcohipaciiyc  slrciqph  I O'  Pa,  speed  nfdQ  lui.s.  and  of 
0.2. 


lo;i>t  i-iualitalivcly  coi  rect  ;iiid  suiiitosi  tliat  conNiderablo 
caution  sliuukl  be*  iisci-l  in  intciiJietinu  tlio  lOsult^  oi' 
friction  experiments. 

We  i.an  expand  the  ;ip|iro;ich  takeii  to  undersiandine 
tlie  lenirtli  of  the  tlrx'  section  by  niakine  the  common 
assumption  thtU  the  pressure  exened  by  a  slidei  is 
limited  ay  the  bearing  t:apucit\  of  tlie  mtitcrial  beneath 
Ih*'  slider  or,  in  this  cme,  by  the  |iressure  iei|uucd  to 
compress  snow  rapitlly  to  the  density  m  the  piessure 
bulb,  bor  a  perfectly  in-ulaied  slider,  eq  I  I  show  s  iliai 
t'.e  dry  length  of  the  slider  ctin  be  ex|rrcssed  as 

4.,  =  (12) 
4uj,„k,  irU  - 

whcred^i  is  me  loitil  area  ol  ihe  slKier  and  b  istiie 
pressure  required  tor  rttpiii  compression  of  veiiieil  sno-a 
to  the  density  achieved  in  the  snow  below  the  sbdei. 
Choosing  a  irressure  ot  lO"'  Pa  at  a  density  of  400  kg/ni 
liom  the  dtita  of  .'\bele  and  Go\\  ( 1 P76).  ei|  12  pieihcis 
a  rapid  inciease  in  dry  leiigili  w  ilh  decie.isiiig  tempera- 
tuie.  tiujs  shoaine  i,i  pan  why  fnctioii  decieases  al 
higher  temirei  attires  t  Pig.  9).  Since  the  be.n  ing  si  length 
incieases  lapidly  wiih  'iHiw  (.iensity,  the  diy  length  ol 
the  si  nlei  w  (uikl  tlec  lease  will)  incietismg  snow  densiix . 
lesultiiig  111  easier  gliding  on  ^.len^el  snow .  P,q  I  2  tilso 
s'  .)w  s  iluit  the  length  ol  the  ihy  section  dccieascs  w  ith 
I-  cieasing  spi,eil.  wlndi  partly  e).|s);nns  why  Kuioiwa 


( 1977)  obsei  ved  deei easing  fi  iction  :is  s|)eed  increased 
intoiPiC  range  wliere  lubricated  friction  bectime  impor¬ 
tant. 

lee  deformation 

wndersittndnig  d.y  sliding  on  snow  woukl  be  nii'ch 
ettsiei  if  the  gcomeiry  ol  the  ice  tisperi ties  and  tiie  actual 
contact  arcii  were  known  and  if  the  defonntition  rtites  ot 
ice  were  known  lor  comphcaiei!  states  ol  stress  at 
iliflerent  tcmper.itures.  The  geomeiiy  of  the  asticrities 
prolxibiy  \  aries greatly  w  ith  the  snow  tyiietuid,  foi  hesli 
snow-,  cltaiigcs  greatly  when  a  shiler  tirst  jra'.ses.  The 
contact  tiieti  is  ihought  to  vaiv  with  lotto  and  the 
compticlive  siiengih  tilThe  -.now  .  ami  ihe  strength  ot H  c 
vtines  w  nil  laieot  loading,  stress stttte, tiiKl  lempei .iii.ie, 
Ik'causc  ol  our  incomplete  know  leilge  of  these  impoi- 
ttinl  pro)reiiies.  ii  is  inoie  dilliciil;  Ui  undeist.mil  diy 
sliding  than  water-lubi icaied  sliding  over  snow. 

Noi  m.illy  V.  e  expect  a  niixline  ot  ili  y  and  hibi  lealed 
fi  K  lion,  w  iiluh  y  li  iciion  diiininating  ,it  the  I  lont  ol  the 
slidei  ami  meliwittei  hibi  leatioinloininaiing  til  the  middle 
aiiil/oi  le.ii  ol  the  slidei ,  depending  on  how  the  lo,ul  is 
disiiibnteil  along  the  lengih  ol  the  shdei .  ll  n  neceswii  y 
to  nndeisltind  etieh  sepai.iiely  tind  jointly  since  some 
cont.icts  may  not  be  completely  sep.ii.iteil  Py  the  nii  li- 
water  film,  hui  solid  to  solid  intei.iciion  nitty  oceui  in 
contacts  tital  ttie  |).iiily  hihiic.ited  by  meltw.itei  tiinis. 
Ihisai  ctiol  I:  ihology ,  know  n  ,is  eltistoliy  diody  n.imics, 
IS  disciisscil  l.itei .  1  II  st  w  e  look  tit  soli  il  'o  I  id  contact. 


AicIki.iI  aiul  Kowniroe  (lySH;  ;]o>crilied  :li.'  iciiv 
pciature  distnhiilion  acrosx  a  sijiaic  coiilacl  but.  be¬ 
cause  tlio  contacts  are  so  small,  we  consiJcr  each 
contact  to  bccontpiciclydry  until  mclnnyibceins across 
the  entire  contact.  It  ap, pears  that  the  contttcls  at  the  f  ront 
ot  the  sbderare  completely  dry  w  ith  an  averaee  tem¬ 
perature  that  increases  w  ith  tlistance  behind  the  liont  of 
the  slidcruntil  themeltinutemperature  is  reached  at 
Sc-nic  possible  niechanisnis  at  these  dry  contacts  in 
Ironl  of  /jrx  and  in  pailialls  ssparaled  contacts  behind 
/jIia  are  eonsideied  next. 

The  Plasticity  Index  w.'s  developed  to  distinguish 
between  plastic  and  elastic  responses  w  lieti  asperities 
on  opposing  faces  intciac:  and  some  foim  of  defoniia- 
tion  must  take  place.  Tl.e  itidex  depends  on  the  elastic 
constants  and  liardness  of  tlie  intetlacitil  materials  as 
weli  as  on  the  geometry  of  the  asperities  (Williamson 
1984).  It  does  not  cotisider  brittle  fadurc  altiioagh  it 
could  be  imponant.  Feir.  ( 1984j  expressed  it  as 


/: 


P!  =  T83 

B  £| 


■(/,,- 4  tl3) 

-c  £s  V  '  I  >  2  '  '  > 


wliere  B  is  tlic  hardness  tjf  the  sofler  surface,  i.  is  an 

} 

effective  elastic  modulus,  is  asperii)'  ti|)  radius,  //j  is 
average  asperitx  height,  and  the  subscripts  refer  to  the 
two  surfaces.  The  mateiial  properties  of  ice  suggest  that 
plastic  yield  is  more  I  ikely  than  ela.dic  dcfoniiation  ;ii  a 
slidcr/snow  interface  w-lien  the  asperities  tire  as  peaked 
as  they  would  be  for  tresh  snow.  However,  once  the 
sharper  asperities  arc  icmoved  and  the  ice  contacts  are 
flattened  by  rubbing,  as  shown  in  F-igurc  1  .thcgcoineiry 
of  the  asperities  suggests  that  the  ice  and/or  the  slider 
should  respond  eiusticaily.  Tiuis  w  c  suggest  th.it  virgin 
ICC  grains  yield  plastically  (or  fracture)  \\licroas  pol¬ 
ished  ice  grains  respond  elastical  ly  because  of  then  Hat 
surfaces.  Tius  both  taodes  of  detoniuition  must  be 
considered. 

Glennc  (1987)  reviewed  the  usu  il  aiipmach  ici  dry 
friction  where  tiie  actual  contact  area  (Tj,., )  and  coef- 
licicnt  of  friction  are  given  by 

(l-l) 

and 


v.  heic  a  is  .I'c  coin|iactivc  strength  o)  the  snow  and  x  is 
the  slieai  sirciig'.h  ol  eillier  the  siiuer  or  the  snow, 
w  incheve  r  is  weakei .  It  seemsieasi ’liable  to  assume  lliat 
the  contact  area  is  dctcniiincd  by  two  processes,  l  irsi. 
il  the  snow  is  ot  a  low  ciKuigh  density,  the  ice  grams  are 


displaced  non.  the  sin  face  such  that  the  number  of  ice 
grains  .n  contact  increases  ant  i  the  compact ive  siicnelh 
of  tl’.e  snow  at  that  temperature  and  loading  rate  is 
readied.  Secoml.  ii  the  ic-'  is  solter  than  tlie  slider,  the 
aspeiities  on  the  sliiler  may  indent  the  ice  grains  and 
increase  the  contacl  area  until  the  pressu'O  is  reduced  tvi 
the  liardness  of  i  e  lor  that  •.emperature  aiul  rate  of 
loading.  The  action  of  the  first  meciianism  isone  of  the 
phenomena  that  separates  the  dry  t'nction  of  snow  bom 
the  fiicnon  ol  solid  substances  sucli  as  ice.  However, 
tills  mechanisin  only  occurs  if  tlie  snow  tiensitv  is  low  er 
than  the  density  reciuired  to  suppoii  the  load.  In  any 
case,  a  hard  slider  could  indent  the  ice  particics  il  the 
slider  asperities  vv  ere  smaller  tiian  the  grain  si/c  of  hie 
snow.llius  it  is  easy  ioundersiandili.it  one  objective  o! 
waxing  at  lower  temperatures  is  to  achieve  a  hard, 
smooth  surlace.  although  tlie  prevailijig  idea  seems  to 
be  tliat  tlic  ••.  ax  slioukl  not  be  too  much  iiardei  than  the 
snow,  possibly  because  the  w  ax  musi  y  leld  todirt  on  the 
snow  surbice. 

If  II  IS  assumed  that  the  snow  grains  fail  m  compres¬ 
sion  until  tlic  contacl  stress  is  reduced  to  the  compres¬ 
sive  strongtii  of  ice  at  that  teni|ieiature,  Caner's  (  1970) 
measured  values  tor  eomiiressive  strength  can  be  used 
to  dcteniiine  the  contact  area.  This  suggests  that  c .  the 
ratio  ol  contact  area  to  load,  deercavcs  as  temperatuic 
decreases  anil  epuals  (.1.222  .MPaat-.'sX',  Compaiing  this 
with  Hu/.ioka's  ( 1 962)  \  .ilu'c  of  .3.0,3  MPa.  measuied  at 
—I'C  in  the  presence  of  meii  water  lubrication,  gives  the 
exjiected  resull  that  the  euntaet  ;irea  is  snialler  wTen 
only  dry  lubbing  occurs.  Hu/ioka  found  a  fi.'.ctional 
contact  area  ol  1 .4'1-; .  whereas  a  range  of  v  alues  of  0.2 
io().04''/<  aic  suggested  here  for  1  iu/.ioka's  lotici  w  hen  no 
melting  occurs.  The  value  suggested  by  Ilcwdcr  .'.nd 
Hughes  (1939)  for  dry  friction— 0. 1 — lalK  in  this 
range. 

'I'o  apply  cq  P's.  Glenne  ( 19S7)  suggested  that  loi  ice 
thcratiuofx  10  0  is  about  0.06.altliougii  this  is  much  less 
than  the  nicasuicil  values  ut  the  coelficieiit  oi  IriCtion 
when  only  dry  processes  aie  likely.  In  then  early  work, 
bowdeii.iiid  l  alxirt  19,^0,  1 064)  suggested  'hat  x  is  about 
ur.e-liall  the  yield  stress  in  tension  and  that  O  is  .iboiit 
three  times  that  yield  siress,  oi  p.ir-.  is  about  onc-si\th. 
which  IS  close  to  Bow  den  's  ( 1 9. S3 ;  \  alucs  ot  t net  ion.  at 
least  lor  sliders  at  very  .  iw  speeds  wlieic  no  meltini’  or 
adhesion  occurs.  'I  aking  values  ot  the  tensile  .ii  id  com- 
picssive  tailuie  stiesses  liom  Cartel  ( i')7())  and  assuiti- 
iiig  X  IS  one-half  the  tensile  value,  ihc  calcul.ited  values 
ol  u.irs  arc  shown  in  Tabic  I.  ITicsc  vafics  ol  the 
cocllicicnt  of  tnction  have  ihc  wrong  ticiul  voili  tem 
|i(’rau  '  since  low -speed  and  static  tiu  tmn  aie  known 
tomcieasc.notdccieasc,  at  k;wcrtcm|>ciatincs(Iio.‘.  den 
19S31. 

'I'ms  simple  apoioach  can  be  expandeil  by  k’okmg  at 
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T able  1 .  Dry  friction  calculated  from  Carter’s  (1970) 
values  of  tonsial  and  compressive  strength. 


Table  2.  Dry  friction  calculated  from  eq  17  and 
Carter’s  (1970)  values  of  tonsial  and  compressive 
strength. 
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the  failure  of  an  ice  grain  to  sec  if  ice  grain  failuie  and 
release  from  the  surface  might  account  for  dry  friction. 
TTiis  mcchani.sni  is  similar  to  the  proces.s  of  flake  pro¬ 
duction  (e.g.  Lim  and  Ashuy  1987)  and  retains  the 
assumption  that  all  of  the  failureoccurs  m  the  ice,  which 
is  now  subjected  to  a  more  complex  state  of  stress.  Wc 
assume  that  an  ice  asperity  is  subjected  to  a  nomial 
stress  a  and  a  shear  stress  tas  show  n  in  l-igm  c  10.  Ifpjrv 
is  large  enough,  tension  may  occur  at  the  upstream 
comer  at  the  base  of  the  ice  asperity,  which  could  lead 
to  failure  and  removal  of  the  asperity  by  tensial  failure 
starting  at  the  upstream  edge  and  propagating  along  the 
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base  as 


a{.v)  =  0-5^  (16) 

r 

Using  eq  1.5  and  assuming  that  the  asperity  fails  in 
tension  on  the  base  at  its  leading  edge,  tlie  coefficient  of 
diy  friction  can  be  expressed  as 

=  0.167  -  (17) 

Oa 

where  0(r)  is  taken  as  the  tensile  yield  stress  for  ice. 
Using  Carter's  (1970)  data  for  compressive  strength  for 


oand  for  tensile  yield  for  o(;),)a[)p,.  is  calculated  at  various 
temperatures  and  shown  in  Table  2  for  the  particular 
geometry'  assumed.  1  his  also  show;  higher  friction  at 
higher  temperatures,  but  most  of  the  values  are  about 
correct. 

If  the  controlling  processes  operate  on  the  scale  of 
the  size  of  the  slider's  asperities  rather  than  on  the  scale 
of  the  size  of  the  snow  grains,  the  actual  contact  area  is 
detemiined  by  the  hardness  of  ice  at  high  rates  of 
loading.  We  would  then  expect  much  smaller  values  of 
contact  area  and  much  higher  local  sti  esses.  The  loading 

time  oftheaspei  dies  is  approximately  their  size  divided 
u. .  ^ V  -j , _  ...  .  .  j  ...  w^  -7  ..  f...  ..  . .  .,.,1  ..1. ;  ti.  , 

ijy  .^ll«avl  v/i  auaui  i\j  ivi  i^|zjvui  ani.  i  iiv 

hardness  o''  i.ce  reaches  a  plateau  as  tlic  loading  rate 
increases,  so  'aking  Barnes  ct  al.’s  ( 1 97 1 )  largest  values 
for  hardness,  wc  would  expect  u  pressure  on  the  asperi¬ 
ties  of  50  MPa  compared  with  Huzioka's  (1962)  value 
of  MPa  and  4. 1  MP;i  determined  above.  Thus,  if  the 
inden'aiion  of  ice  by  the  asperities  on  the  slider  deter¬ 
mines  the  contact  area,  the  fractional  contact  area  for  a 
.ski  would  f  picalK  be  less  lh;in  lO"’  and  the  sti esses 
exerted  on  the  ice  surfaces  bj’  the  tisperities  of  the  slider 
would  be  very  large,  h’or  solid  ice  surfaces.  Barnes  et  al. 
(1971;  suggc.stcd  lliat  these  high  stresses  cause  rcerys- 
lallization  in  a  ().2-ni!n  layer  adjaecin  to  the  slider  and 


I  ii;nrc  10.  An  h  e  tispciit\-  with  a  hiaxitil  of  IihkIiii.i;. 


tiuii  this  l.'au'^e^  a  rourit'iit.ition  iif  the  icc  crystals  lor 
lavoialtlc  ertic  in  slicai  tangoniial  to  tlic  direction  ol’ 
niotion.  This  is  smiilat  to  oxidation-doininat.'d  Irictioti 
tor  tiictal.s,  and  sucIi  obsenations  tnust  be  tnadi  for 
snow  to  see  if  this  is  a  common  meclianism  for  dr\- 
slidme  over  stiow  grains.  It  i.^  also  imponant  to  observe 
tliceonditiotis  under  wT.icIi  tile  di.splacemoni  or  fracture 
ol  the  ice  grains  occur.'. 

Assuming  that  the  .ndeiitaiion  hardness  of  ice  dcler- 
niines  the  contact  area  atid  that  the  contacts  fail  in  shear 
along  the  basal  layers  of  ice  crystals  at  the  surfcc.i,  we 
can  calculate  the  coefficient  of  dry  friction  freav  mea¬ 
surements  of  shear  in  easy  glide.  However,  there  are  two 
problems.  I-'irst.  there  is  a  sir  e  effect  on  tl.e  .strength  of 
ice  (Tusima  and  l-'ujii  197.i).  so  that  e.xpcrimcntal  re¬ 
sults  from  samples  of  a  nomial  size  would  s  ngost  low 
values  of  shear  strength.  Second,  few  tests  m  .'iiear  have 
been  done  with  such  high  rates  ol  loading  as  are  of 
interest  here,  and  none  have  been  done  on  thin  cry  sial- 
htos  oriimted  for  easy  glide. 

The  simple  approacli  taken  hero  to  undersiancling  a 
combined  shear  and  nonnal  load  has  produced  the 
wrong  trend  with  temperature  because  the  strength  in 
compression  is  a  strong  function  oftemperature,  whereas 
the  sirengtli  in  tension  or  sheai  i.s  not  so  temperature 
dependent.  Thus  th.o  denominator  in  eq  15  increases 
niniiilv  :i>.  icni'ii'r.ilnre  decreases  and  the  ealeulated 
cocffieieiit  ol  Iriction  decreases  accordingly.  It  may  he 
that  ice  asperities  fail  in  tension  or  shear  independently 
of  'lie  contact  area  and  that  only  their  tensile  or  shear 
strengths  arc  imponant.  Then  the  correct  de|iendeiice 
ontenipeiaiurc  would  result,  but  without  more  inioniia- 
tion  about  the  geometry  ol  the  surfaces  this  process 
cannot  be  analy vetl.  Moreover,  it  is  likely  that  for  most 
pioblenisof  Interest  virtualiv  all  ice defonnaiioii  occurs 
at  the  melting  temper.iture  aiul  that  the  effect  of  tem- 
;  :atuic  IS  limited  to  changing  the  prrrprrrtioii  e-f  ice 
iiefonn.ition  '  crsus  melllayer  sheai . 

Altluuigh  the  values  ol  given  in  Table  2  aie  of 
about  the  right  magnitude,  tiiere  is  much  uncertainty 
about  thea|ipheation  oftnesc  results  because  of  the  lack 
ol  direel  observations  of  the  eontaei  are.i  and  failure 
meeh  'ni-,ms.To  im|iioveon  this  model  rrt  dry  sliding  it 
wouki  be  heli'dul  to  have  prol  lies  of  slider  b.tses  such  as 
waxed  ski  bases  and  nncroscopie  ex  ami  iiai  ions  ol  snow 
surfaces  alter  shtlers  have  passed.  1  ins  would  provulc 
inU'rm.ition  about  the  scale  at  which  these  processes 
operate  and  lielit  answer  questions  about  the  role  ol 
gram  ihsirlacemeiit  vs  ice  iiuleittati  an.  llie  crnittict  a;ea 
without  iiiellw  aiei  picsent,  and  t!ie  role  ol  asperities  on 
liie  snow  sui  lace,  iiieliRlmg  those  line  to  flesh  snow  anil 
tlu)  .e  due  to  wind  crust  or  inaii-m.nie  snow.  I:  is  cleai 
tiom  hoili  lield  and  lahoiatorv  ohsei \ alions  that  the 
snow  suilaee  isutteii  snuiolhed  I'v  meltwater  hihiie.i- 


lion.  piobahiv  because  ilie  .isperiiies  aie  melted  to  form 
smooth  ice  coni. lets,  but  sinul.irob.sei  vat  ions  .lu-  nec.led 
to  identify  the  important  meeluiiiisnis  lordiy  sliding,  in 
particular  the  mode  of  failure  of  the  ice  grains  on  ihc 
surface.  Then  more  detailed  models  ol  the  processes  can 
be  constructed,  although  even  then  the  results  w  oukl  be 
uncoilam  because'  ol  the  kick  oi  inlonnation  about  the 
biaxial  failure  of  lee. 

There  are  other  existing  models  of  dry  hieiion  that 
could  be  applied  to  ice.  If  the  slider  is  harder  and  plow  s 
tile  ice  grains.  Briscoe  and  Tabor's  ( Ib'/K)  model  of  the 
vi.scoelastic  plowing  of  solids  could  be  use  to  describe 
the  friction.  The  contact  area  would  be  detcmiined  in 
part  by  the  hardiW'S  of  ice,  but  the  defonnation  would 
be  conliolled  by  its  elastic  modulus.  They  pioposed 

^t-0.5tl(Aufi)■'^c^='Ml  L  -'^'tan  5 

w',ieie/t,|  =  cunt, let  area  .It  rest. 

B  =  hardness. 

V  =  I'oisson's  r.iiio, 

/,'  =  elasiic  modulus  intension, 

tan  6  ■-  mechanical  loss  tangent. 

u  is  very  sensiiive  to  the  curvature  p'^|)  of  the  asperities 
on  the  slider  and.  if  the  slopes  of  these  asperities  are 
gentle  enough,  there  is  nrobiibly  no  gouging  hut  onlv 
elastic  dopies-sion  as  tile  solids  come  into  contact.  Tins 
is  described  later. 

Meltwater  lubrication 

The  prev  ailing  hcliet  is  that  the  eocfticients  ol  Tric- 
lion  of  snow  and  ice  ;ne  low  hecause  ot  lubrication 
piovidcd  by  meltwater.  ;\i  low  lemperainrcs  where 
meltwater  I  uhrieai  ion  disappears,  the  friction  of  snow  i.s 
similar  to  that  of  sand  iBowden  1953).  wliich  is  a 
comparison  ofien  made  liy  early  polar  travellers  vvhen 
dog  sledding  at  lempeiatuiesof— !()“(?.  The  idea  ol  ineli- 
w  aier lubi  leaiion  w  as  promoted  by  Bowden  and  Hughes 
(1939),  who  showed  that  pressure  melting  is  not  likely 
because  theilepressionol  the  melting  lemperalure  is  too 
weak  to  lower  the  melting  tein|ieiature  by  a  signiticani 
amount.  In  hict,  using  ihe  value  of  coiUaei  piessuie 
given  above,  the  ilepression  ot  the  melting  iem]ie!aiuie 
IS  only  about  0.35^.  I  lowevei ,  tlie.ictual  solid  lo-sohd 
eoiuaet  may  be  ennsiderably  less,  and  the  (iioeess  ol 
piessure  meliing-regelation  is  le-examnied  later. 

I  he  idea  ol  meltw  ater  lubi  le.ilion  by  t  rielional  heal 
mg  Inishoensiippoiieiiby  nuich  ot  the  pnst  reseaieli  and 
was  rs'viewetl  by  Glenne  (19S7).  Mellw.itci  .mil  its 
ejecta  h.ive  been  :.een  diiecily  w  lien  obiecis  snde  on  lee 
t  Tu'ima  and  3  osula  19(i9).  I’rob.ibK  bce.iiise  ol  mell- 
water  luhiK.inon.  ihe  addition  o|  he. it  has  been  sliown 
to  be  beiieticial  .ii  low  lempei. nines  il’l.il/iiei  19  t7i. 


;ililuni!:l!  llii.s  piOLCiimo  nnisl  be  ik)iK'  caiiliously  .miICO 
loo  inueh  nicliwotoi  cIl'.iiIs  incicMses  bieiion.  and  ilic 
iiiirodiiciion  id'hoat  aliove  ilic  mtorl'aco  is  a  very  inelii 
cicnt  |iKKcss.  The  basic  idea  applies  toolboi  maieiials 
as  well  iHi.)'‘''den  aiul  I’erssoii  Ibbl.  Arebard  and 
Kiiwntree  lySS.  lam  and  Asliln  I9fs7)  aiul  can  be 
obseivei.i  niosi  easily  in  materials  whore  the  piiase 
translrirmation  leaves  clear  evidence  rBowden  and 
Persson  IP6I ).  as  shown  in  l-iirure  lb. 

As  a  lest  of  the  meltwater  lubrication  theory,  we 
assume  that  no  sohd-to-solid  coniiw  occurs  anil  iunore 
the  encrey  conducted  away  from  the  interface.  Then  an 
upper  limit  for  iIk-  thickness  of  the  meltwater  film  can 
bo  calculated  Irom  the  energy  used  to  push  an  object 
over  snow  by  assuming  iIku  the  power  required  to 
propel  the  object  eipials  the  power  consumcii  by  phase 
chiinge.  or 

HiuI,U'h  =  w/.p,  (19) 

where  lu  is  the  meltwater  mass  production  rate.  Taking 
III  as  the  rate  ol  .•airface  melting  (/;)  over  the  actual 
conttict  area. 

h  ,U|„i,u/<7.p,  (20) 

where  c  is  the  ratio  ot  actual  contact  tirea  to  load  on  the 
slider.  According  tooneof  Amoiiton's  laws  for  friction 
(Bowden  and  Tabor  1  b.'O),  this  ratio  is  constant.  Using 
Colbcck's  ( 19SS)  eiiuaiion  for  the  melt  component  of 
tiiction  (l.eiitovaara  1  I9S9|  derived  ;i  similar  relation). 

M  =  (7(tl/// .  (21) 

the  melt  rale  is  Idund  as 

A  =  riio/A/.pi  t22) 

where  tf  is  w  alei 's  \  iscosiiy  .  If  the  w  atei  were  lemoved 
from  the  contacts  by  the  squeeze  mechanism  ilescnbed 
b\  Colbeck  t  I9SS).  the  thickness  ol  the  tilm  would  be 
in  balanci  w  hen 

/i  ’ =  3(  ;'qwf-/2/.p,  (2.1) 

faking  (  as  .i.O.s  MPa  '  bom  1  lu/ioka's  ( 1 962)  ikita.  / 
as  I  mm,  and  n  as  10  m/s,  the  tilm  thickness  would  be 
I  .s  Jim  il  leinoi  ,il  occuiied  b>  squeeze  only .  This  \  aluc 
IS  less  than  the  i allies  deduced  by  Ami'ach  .ind  M.iyi 
(I9SI)  bom  dieiecti  ic  measmenients,  but  is  gieatei 
Ihiin  that  calcul.i'ed  by  lr\  ails  el  al.  (  1 970)  oi  C’olbeck 
(I9SS).  Il  snugesis  a  coeilic'eni  ol  triciion  ol  ().().'(). 
whicb  Is  about  coiiecl.  .-X  much  smallei  value  loi  the 
bim  tbickness  is  calculated  usim;  ibe  sheai  lemoval 


mechanism  suggested  by  Colbeck  ( 19.SS)  w  hereby  the 

thickness  is 

Ir  =)]iini/I.O,  (24) 

I -ora  s(ieed  of  10  m/s  the  film  is  then  less  than  0.4.i  jmi 
and  pi„|,  is  0.1. v  A  larger  thickness  could  eiccui  it  the 
water  tilm  slippeil  along  the  slider,  as  could  ha|i|ien  lor 
smooth.  hNtirophobic  sliders.  However.  Iliiz.ioka's 
|iholographs  suggest  that  the  shear  removal  mechanism 
is  operative  and  thus  the  calcuhiiion  using  the  shear 
mechanism  cannot  be  ignored.  Accordingly,  the  calcu¬ 
lated  value  for  film  thickness  is  jirobably  too  small  to 
separate  the  solids  under  most  conditions  of  interest, 
even  w-lien  only  si|ueeze  occurs,  and  this  suggesis  that 
there  is  sohil-io  solid  interaction  as  well  as  meliw,,iei 
lubnc.mon. 

With  these  thin  lilms.  Hvans  el  al.  ( 1 976)  suggested 
that  ralhei  than  ice  defonning.  the  solids  may  be  sepa 
rated  by  a  few  molecular  layers  in  w'hich  most  ot  the 
frictional  lorce  is  generated.  I'hey  suggested  that  the 
meliw  aiei  layer  w  ould  not  be  thick  enougb  to  inevenl  all 
solid  to-sohd  contact  and  that  there  would  be  a  combi¬ 
nation  ol  diy  and  lubnctiled  friction  occurring  simuli.t- 
neously  w  here  only  the  highesi  asperities  would  contact 
the  other  surlace.  I  hese  conv.  '  can  best  be  tested  tor 
snow  by  using  the  e.vpei  imental  results  of  lluz.ioka 
(1962).  liven  if  only  squeeze  removal  occurred  :ind  no 
heat  were  conducted  aw  ay  from  the  interface,  tor  those 
e.xperimenis  the  meltw  ater  tilm  w'ould  have  been  only 
().  1 7  Jim  thick,  clearly  not  enough  to  separate  the  sol  ids. 
Thus  It  is  likely  in  Huzioka’s  e.vperiment  that  both 
meltw'atei  hibriciition  and  sol  id- to-. sol  Id  m'eracbon  oc- 
ciiiicd  and  that  both  ot  these  processes  |irobably  occur 
in  most  cases  ol  sbdeis  on  snow  unless  meltwaiei  and/ 
or  heal  arc  available  bom  other  soiiices. 

Anoihci  way  of  testing  the  idea  of  sliding  w  ithout 
solid  to  solid  I ntei  action  is  to  tisstime  ibtit  till  ot  the  heat 
eenertiteii  by  fi  iction  is  gteneraieil  by  shearing  the  melt¬ 
water  lilms;  this  leads  to  the  det  ivatioii  ot  eq  2 1 .  Then, 
using  the  c.vpei  imental  results  of  I  Itizioka  ( 1 962).  ibe 
water  tilm  m  Ins  e.vpei iment  shouki  have  been  only 
O.OOl  1  iim  tbick.  This  is  clearly  much  too  thin  to 
sepal  ate  the  aspei  liiew  ;ind  thus  it  is  easy  to  understand 
w h\  1  luzioka  concluded  tiuil  solnl  to  solid  conttict  oc- 
curreil  in  Ins  e.xpei  intent  and  extrapolated  tins  conclu¬ 
sion  to  highei  tenijiei  .itiues  and  allies  ot  heat  produc¬ 
tion. 

file  iheoi  V  ol  meliw  tiler  liibi  icalioii  htis  been  exam¬ 
ined  K)i  icebv  livtinsetal.t  in76).()ksanenand  Keinoneii 
(lbN2).  and  .-Xkkok  ei  al.  vin)i7)  and  tor  snow  by 
Colbeck  t  P-'NS)  and  I .ebtov tie.ia  (  I'tsU)  The  two  mod 
elhnu  etloils  loi  snow  weie  lathei  dilleienl.  w.tli  the 
tormci  concent  I  tiling  on  the  lietit  and  mass  I  low  s  w  Ink 


ilic  laiioi  was  iiHiic  coiiccniod  wiili  ilio  iiuciaclioii  ol  a  (.'oll’cck's  ( 1 VSS)  ci|  ■!  ilcsLi  ibcs  iho  baUiiKc  aiiioni: 

ski  wilhlhc  Muns  thunii:l)  loaii 'lisli  ibulioii.  Boll)  coil  nicll.  lonioval.  and  I  din  llilckiicss.  It  is  niodilicd  lo 

sidL’ieil  dry  liiciion  ami  calculated  a  coellicieiii  of  accoiini  trii  the  sii|:pagc  ol  the  wider  lilins  along  tbe 

liietioii  dial  ilcpenderl  on  both  wet  ;inil  my  processes.  surlace  I'l  the  slulei  by  introrlucine  ;i  liicior,  .S.  that 

Wliilel.elUovaiiriiiissuniedthatnieltwiiierwasremoved  triiciuinally  rediicesibc  sheiir  niccbanisin.  I'he  I'esiili  is 

only  by  ilie  squeeze  inecbiinisin,  Colbeck  considered 

both  srpiee/e  and  slicar  removal  ut  the  nieltwiiler  tioin  ^ 

the  lilnis  but  suggested  that  slieiii  woukl  be  a  more  .*l!i  =  2jL.  +  y  I'l  .  (2.s) 

'Uricientmechanisin.ThisledtOiisimploexpre.ssionlor  l-Oi  d'b'  ■  J 

tdm  thickness  (,/)),  given  in  eq  24. 

It  is  possible  that  the  shear  mecliatiistii  described  by  u  heie  the  tenns  repieseiu  tneltwatei'  iiroduction  l  ate. 
Colbeck(l9SS)istooetticientbecauseitdoe.s notallow  removal  by  squeeze,  atid  removal  by  shear,  lespec- 
tor  sliirpage  ot  the  water  tdms  ;ilong  the  slider  or  lor  lively.  This  can  be  solved  tor  the  rano 
meltwater  to  be  retained  by  rough  sui  htces.  ;ind  it  will 

bemodibedaccordingly.Il’thesliderhaseissmoothand  ,  ii/y 

liydrophohic.iiielt  tilmscanbeobscivedtoslideiilong  ^  bS"  +  -ildl — 

thebaseot'thesli(.ler,asshowninrigure4t'oracapillary'  1 _  .  (26) 

iittachnient.  Then  the  sriueezc  mechiinism  would  be  du  /  .u  ti 

relatively  more  important,  a  process  that  has  been 

frequently  used  in  tribology  (e.g.  Moore  1  b6.6)and  was  The  values  of  li  iction  computed  froi.i  eqs  2  I  and  26  are 

used  e.xclusively  by  Lehtovaara  ( iyS9).  In  addition,  if  shown  in  f  igure  1 1 .  where  it  varies  w  ith  the  effective- 

the  weight  of  the  slider  is  carried  by  solid-to-solid  ncssoftf.esheai  remo\al  processascharacterizedby  .V. 
contiicts  or  very'  large  hydrodynamic  foices,  as  de-  It  appears  from  the  high  values  of  the  coelf icient  ot 

scribed  in  elastohydrody  namics  (e.g.  f'owles  1969).  friction  for  l.uge  v.ilues  of  .S' th.ti  Colbeck's  ( 1 9SS)  .ts- 

then  the  liquid  could  be  lettiined  around  the  moving  sumedsheai  mechanism  is  too  efficient,  that  the  value 

asperities  and  would  increase  the  thickness  of  the  melt-  of  <■  obtained  Irom  1  luz.ioka's  ( 1 962)  d.iia  is  too  large, 

waterfihn  tind  deciease  the  friction  accordingly  Thus.  and/oi  that  other  proi  csscs  Ojieiaie  as  well.  It  we  con- 

at  low  temperatures  where  meltwater  lubricatimi  is  elude  that  shear  is  elteciive  at  low  spieeds  and  it  looses 

essential,  a  smooth  gliding  siirftice  would  be  desirable  its  effectiveness  at  higher  speeris.  then  the  calculated 

to  allow  water  slippage,  whereas  at  high  tempemturcs.  values  of  Pmeii  are  in  the  range  of  values  reported  by 

where  water  attachments  increase  drag,  a  .'ciugh  slider  Kiiroiwa  (1977).  Ih  Avevei ,  .is  was  shown  above,  even 

surhice  would  be  useful  to  disrupt  tbe  water  attach-  ifnoremovaloccursby  she;ir.ihea.ssumptionth;ii;illof 

nieiits.  In  addition,  since  water  slitles  inevre  readily  the  contact  is  through  meltwaier  t'ilms  letuls  to  the 

along  hydrophobic  surfaces,  the  shciir  I emoval  media-  conclusion  ih;it  the  meltwatei  lllm.^  aie  irw  thin  to 

nism  may  be  le.ss  effective  if  the  contact  surface  of  the  sep.iratetiiesolids  fortbe  surface  roughnesses  that  exist 

slider  is  hydrophobic;  thus  a  hydrophobic  surface  would  on  most  sliders.  Thus  theie  must  be  some  solid  to-solid 

appear  to  be  advantageous  at  all  temperatures.  interaction,  which  greatly  complicates  models  of  snow 

While  Colbeck  (I98S)  assumevl  ih;it  contact  area  friction, 
incretised  proponionaiely  to  load  and  looked  at  the 

effect  of  contact  size.  Lehtovaara  ( 19S9)u.sed  the  nuin  Iclaslohy  (Jrodyiiainics  and  thin  films 
her  of  contacts  and  th.'  hardness  of  the  snow  as  p.iram-  Id. isiohydrody  namics  was  lieveloped  to  study  fi  ic- 

eters.  Both  concluded  that  friction  would  deciease  to  a  tional  resistance  when  there  is  sol  id  to-solid  interaction 

minimum  before  increasing  with  speed  .iitd  that  the  due  to  p.inially  rleveloped  lubiwaiing  tilnis.  Some  of 

frictivni  winikl  be  greater  for  a  larger  number  of  contacts  the  weight  of  the  shder  is  borne  enher  by  dnect  contact 

because  of  the  dynamics  of  the  watei  film.  Both  pre-  or  by  inciiial  forces  i'l  the  meltwater  films  due  to  the 

dieted  that  the  minimum  friction  would  occur  at  lower  very  lapid  passage  of  the  asperities,  d  his  is  a  very 

values  of  speed  as  temperature  increased.  However.  complicated  subject  requiring  numerical  solutions  to 

Colbeck  predicted  that  friction  would  be  lower  at  higher  coupled  d.fferential  equal  ions  describing  the  mi  Mure  of 

temperatures  until  capillary  attachments  became  im-  physical  piocesses  that  occur  when  the  solids  interact  in 

ironant.wheieasLehtovaarapiedictevltli.iifriciion would  this  way.  While  no  attempt  is  made  here  to  obtain 

increase  with  temperature  due  to  the  thicker  meltwater  itumeiical  solutions,  the  subject  will  be  described,  ilie 

f  ilms.  This  demonstrates  a  fundamental  difference  be-  iiifomiation  needed  will  be  rlisctisseil.  ;ind  some  pos- 

tvveen  the  tvvi.i  approaches,  both  of  which  contain  as-  sible  benetiis  mentioned.  Other  thoughts  about  thin 

sumptions  that  remain  to  be  tested,  films  are  also  presenleil. 
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Slippage 

I  'ii^urc  1 1 .  |-l„n  /,  v.v  slippii^i’  for  voriinis  speeJs  for  ii  conkic'  sire  of  I 
mm.  When  S  i.s  U  no  shear  removal  occurs,  and  when  S  is  1.0  no 
.slippai^e  occurs. 


Polyethylene  is  eomiiionly  used  at  lubrieated  sur¬ 
faces  because  of  its  favorable  properties.  Chemically,  ii 
foniis  a  weak  bond  with  ice,  which  leduces  adhesion, 
and,  e.xcept  at  very  low  temperatures,  it  is  harder  than 
ice  .so  it  is  not  gouged  by  ice.  It  has  a  high  strength  hut 
IS  iiioio  elastic  than  icc  and  thus  asperiiies  on  the  surface 
of  the  slider  can  defomi  elastically  to  allow  passage  of 
the  solids.  I'rom  the  Plasticity  Index  given  in  eg  1 an 
ice/pol)ethylene  interface  should  respond  elastically 
vvlien  asperities  interact  as  long  as  their  surface  slopes 
are  less  than  tibout  I'/f.  Asperities  with  steeper  slopes 
would  be  subject  to  plastic  defoniiation  and.  if  ice, 
retnot  al  by  melting  as  well.  Thus  to  minimize  frictitm, 
the  sliding  surface  should  be  hard  but  elastic  with  veiy 
gently  slo|ting  surface  relief  Skis  that  are  sirueiurcd  by 
indentation  may  have  the  additional  advantage  of  pro 
viding  a  sniooth  i  uiimiig  surface  while  the  mdentalions 
allow  increased  tlexuie  of  the  polyethylene.  With  in 
creased  tlexibility,  the  polyethylene  base  could  act  like 
a  .series  of  shock  absorbers  that  tle.s  individually  as  the 
ice  passes,  ;is  suggested  in  F-'igure  12.  This  figure  also 
suggests  that  the  water  film  incie.ises  in  thickness  along 
the  length  of  the  contact  and  coulil  be  shed  at  the 
downstream  side  of  the  ice  giiiiii.  The  imlividual  asperi¬ 
ties  on  the  sIkIci  de..inii  elastically  to  allow  ihe  gently 
sloping  roughness  eleiiients  on  the  ice  grain  to  pass.  It 
is  import  .till  to  note  that  only  the  peaks  of  the  ice  grain 
are  in  conttict  so  that  only  they  are  incited,  thus  smootli- 
ing  the  ice  gram  as  th.e  slider  passes  and  iroviding  lot 
continued  smoothing  with  repealed  iiasses.  This  sce¬ 
nario  suggests  th.it  the  ice  giants  ate  smootlied  to  ac- 
coiiiniodaie  the  scale  of  njughness  on  the  slider,  so  the 
roughness  of  the  slider  woukl  iletemiine  the  roughness 
ol  the  ice  grams  after  the  slider  had  passeil  a  shoii 


distance.  Lehtovaara  (1*289)  found  that  ice  could  itlso 
sniooth  the  slider,  although,  when  the  ice  is  very  cold, 
it  can  be  observed  to  shred  polymer  ski  btises. 

The  thickness  of  the  water  film  away  from  the  high 
points  of  the  asperities  could  be  considerably  greater 
titan  those  ponions  of  the  films  trapped  between  the 
solids,  which  may  account  for  the  difference  between 
the  thick  films  reponed  by  Ambaehi  and  Mayr  (1981) 
and  the  thin  films  calculated  above.  The  scenario  de¬ 
picted  in  h'igure  12  reopens  the  old  issue  of  pressure 
melting,  since  the  upstreani  ponions  of  the  ice  tispci  ities 
would  see  much  higher  stresses  than  the  dowmstream 
ponions.  If  the  upstream  pressure  on  the  asperity  is 
assumed  tobe  limited  by  the  indentation  harrlnessofice 


riyiirc  12.  Ityporhcslicd  aclion  of  a  hiphlx  (hwihlc 
polyethylene  hose  passiny  over  coi  he  yrain  1  he  slider 
hose  <leJoi  ins  elo'.'ii  (illy  while  the  n  c  yrain  is  smoothed 
hy  melriny  on  r  'le  sumnms  and  reji  eeziny  in  the  i 
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.11  OX'  al  r.iK's  ullik’  ill..'  dou iisircaill 

I'lL'sslIH.'  I.^  .lIlIK'sphci  iu.  llic  dll  tl'K  IILC  111  lIR'Illliy  ICIll 
IH'ialiiiv  acioss  an  a^iiciity  ci.)iili.l  he  a..-  Ii'-j;!]  a-.  11  C. 
I  .\  CM  1 1  the  heal  1  low  |i.uli  llii  oiieli  ihe  'ee  aspei  il\  islllllv 
l  din.  ihe  incli  lale  .iKnie  die  diicetion  ol  nu)\ei)ieiii 
'■voiild  he  less  llian  10  inin/',.  wliieli  shows  iliat.  .;i  niosi 
speeils  ol  inieie-.l.  llie  as|ieiii\  wo.ild  li.iv:  lo  he  re- 
nioved  or  .ivoirlerl  h\  some  oilier  proeess.  Thus,  while 
ll'.e  lempeiaune  depression  eaused  hy  |nessiire  meliiiu; 
is  large,  the  pioeess  is  still  too  slow  to  he  ol  iimeli 
inieresi. 

l:lasiohydriHl\  naiiiies  eaii  he  used  w  hen  onlv  a  liai- 
iled amount ornieltw.iier is aNailahle aiul somesoliii  lo- 
si'hd  mier.ietion  takes  plaee.  The  role  ok  meltwater  is 
still  imi’oilant.  hut  otliei  processes  must  also  oeeur. 
Often  Slime  polishing  of  the  shaip  asperities  iiinsi  lake 
place  hefore  the  stulaces  aie  stifficientK  smooth  to 
alk),',  only  elastic  deformation  olTlie  asperities.  As  the 
asperities  approach  tlieie  is  a  ver\  r.ipid  eompiessionof 
the  mellw  ;itoi  film,  which  can  he  very  thin.  These  high- 
prossure  lilms  shear  rapidU  and  .illow  the  .ispenties  lo 
pass  while  reducing  oi  eliminating  the  solnl  lo-solul 
eoniael.  h'\en  as|ieriiies  that  are  not  aligned  foi  contact, 
hilt  would  epine  close  lo  touching.  ma_\  interact  through 
the  hquid  pressuie  held  and  pioduce  diag  tiowles 
Ihhy). 

The  niehwal  'i  films  may  change  viscosity  due  lo 
pressure  elteets.  although  sohd-hke  structures  are  not 
likel_\  to  appe.ir  in  these  thin  films  in  the  time  acail.ihle. 
I'urihennore.  if  the  piessure  is  limited  ‘w  the  h.irdness 
of  ice  at  liiith  loading  tales  at  (l''C.  the  viscosity  would 
onls  he  ledueed  hy  ahoul  .I'  i  tDoisey  194(1). 

I’alir  .iiid  Cheng  (.1978)  have  shown  ih.it  the  thick¬ 
ness  I'f  a  w'a.ter  film  can  change  with  the  oi  ieiu.iiion  of 
the  loughness  elements.  \\  hen  the  elements  aie  oii- 
enied  longitudinalls  w  ith  the  shder.  the  iiieltw.iiei  films 
tend  to  he  thinnei.  This  suggests  a  |iositive  leedhack 
since,  it  lon.'.iludinal  gouging  oecui s  hee.iuse  Ihe  f  ilms 
are  thin,  the  w  atei  lihn  thick  ness  would  he  lediieeil  e\en 
more.  This  is  a  stiong  .irgumenl  foi  the  hei|ueni  lesiir- 
taeine  ot  sliders  w  hen  o|jinnuni  pertoi  in.ince  is  needed. 
When  the  eleiuents  are  Ol  lenied  li  ansveisely  across  the 
sillier,  the  water  lihn  thickness  is  incre.ised  hecause  ot 
tliiid  piessure  meiease  on  the  upstieam  sides  ot  ihe 
aspc'  ities.  Thus,  w  hen  the  w  aiei  film  is  too  thin  or  too 
thick,  its  thickness  and  Ihe  entile  d_Mi.imies  ol  llie 
inieraciion  ol  the  aspeiiiies  can  he  moihtied  to  a  siih- 
slanti.il  degree  h\  changing  the  oiientalion  ol  the  siu- 
tace  sii  uciiiie  ol  the  shder.  The  orienlaiion  is  especi.illv 
inipoi  t.int  when  the  surf.ice  loiiglme  s  elenienis  on  the 
slider  aie  less  th.in  the  thickness  the  wtiter  lihn  would 
have  it  the  sui  lace  weie  smooth.  1  his  tippeai  s  to  he  the 
e.ise  lor  most  sitii.itioiis  with  sliders  on  snow  and  thus  a 
liaiisieise  stiuetiiie  should  he  henelicKil  .it  low  lem 


petal  MIC'  w  hde  a  loiigiluilm.il  sii  ucini  e  should  he  hcllei 
at  high  lemperal'.n es.  If  the  \iscosii\  of  water  weie 
gre.iler  anil  its  sujfaee  eneigi  less.  |'e:leetK  II. n  sur- 
laees  wonlil  pioh.ihK  w  oi  k  hesi. 

Without  hetiei  knowledge  ol  die  gei'inetiies  iif  the 
slidiiig  suil.ices.  It  IS  diflieull  to  gel  ipi.iiitii.itne  lesults 
Irom  elastohcilroiK  n. nines,  hut  its  ipiahlatic  e  apphc.i 
t ion  Is  usel  III  any  w  .ly.  I  oi  ■.'\aniplc.  .is  a  i  ulc  -ol  ihnmh. 
Iiihi  ication  wiu  ks  well  w  hen  the  hihi  ic.ini  sep.ii.Ues  the 
sohils  tiy  a ilislance  ol  al  least  two  to  toui  times  die  root 
mean  sipiaie  value  ol  the  suifaceroug.linesstl  ein  ld,S4). 
.Since  this  i|uantiiy  of  lulu  icant  is  not  usually  .ivail.ihle 
fill  sliileis  iniwnig  o\er  snow  .it  siihlrec/mg  tempera¬ 
tures.  it  Is  ele.ir  that  some  eonsiileraiion '  's  to  he  gi\  en 
lo  w.ics  ol  making  the  sliding  pioeess  as  el'lieieni  ,is 
possihle. 

I'owles  ( I9(id.  1971 )  showed  di.it  e\en  inelling  e.in 
oeeur  on  tipsire.im  sides  ol  the  asperities  because  the 
high  rale  of  hi|uid  shearing  in  the  thin  tihns  dissip.iies 
nuieli  energ)  loe.ill)  .  Thus  the  rougher  elements  on  .in 
ice  surface  can  he  lemoved  piclerenlially  hy  \  ield  or 
melting,  w  hile  the  aspei  ities  on  a  pol_\  eiln  lene  sui  I. ice 
deform  el.isncall\ .  When  huge  stresses  develoji  loe.ilK 
on  .III  tispei  III .  the  plastic  region  may  he  quite  small,  hut 
the  ihenn.il  etiecis  c.in  he  Icli  oi  er  niosi  ot  the  .ispei  ill . 
These  etIecis  ilepeiul  criiic;illy  on  the  degree  of  oi  erlap 

ol  lilt' asoernie.  and  on  iht.' socisj  i  how  |es  hi"’ I  '.  Iselow 
a  eriiieal  speed  or  overhip.  the  pioeess  tippears  to  he 
isoilierm.il.  so  ih.ii  intense  melting  onli  oeeuis  undei 
eonditions  of  high  speeil  and  direct  oieihip  ol  the 
opposing  asperities.  The  nuig.ininde  ol  the  leinpei aiuie 
use  ealeiil.ited  hi  1  oivles  suegesis  iei\  mpid  lalcs  ol 
local  inelling.  .ind  thus  i.ipid  ehmii,,iiion  of  the  laigei 
.ispei ities  on  the  snow  gia.iis  is  possihle. 

It  .i.is  heen  ohsei  i  ed  th.ii  kinetic  Iriciion  is  Ing.h'. ;ii 
loivei  speeils  w  here  less  heal  is  generateil  tBowden  and 
r.ihor  l‘)(i-(,  Knroiwa  1977).  This  oceurs  not  pist  he- 
eause  nioie  mehiv.itei  is  genei ated  .it  highei  speeds  hut 
heeatisc  die  niehw.ilei  is  nuue  elleeine.  Al  higher 
speeds,  aspeiilies  wiih  signiticani  oieilips  c.ni  pass 
while  inaintammg  .i  Inine  him  thickness  hetween  them 
.mil  thus  .ivoiding  solid  to  sohil  eoniael  or  solid  i  leld- 
ing.  .-Mil lough  such  conclusions  .lie  h.ised  on  qu.ihl.ilii  e 
le.isi'iling  Irom  elastohidrodi  naniics.  ihei’  ilo  indii  ale 
ih.il  the  theoii  e.in  he  a  powci  ltd  tool  in  iirdei st.iiuinig 
the  ti  lelion  id  shdei  s  on  snow  .  It  is  most  1 1  the  sni  lace 
gei>melii  ol  the  sliders  that  must  he  known  heloie  inoie 
ipiantilative  use  could  he  m.ideofthe  eiistmg.  iheoii  . 

Olhei  iiiechaiiisnis 

.Show-  sui  hues  tend  to  acciinuilaie  d  it  and.  il  liie 
sillier  is  eleciiost.iiic.illi  ch.irged.  ii  might  ici.iin  dm. 
I'.ven  niicroseopic  loik  dust  would  altcci  the  sliding 
mech.inisnis  since  the  sep.ii .it loiis  .ii e  so  sin.ill  A  h.n d 


I.S 


]iailii.lc  lra|i|K'd  lictwccn  two  siilk'r  Miilacos  woaiil 
mdcm  (II  mic  ih  IhuIi  ''in facus.  W  hen  ihc  I'ailtulo 
aic  well  uniiiden,  die  Pla''lieils  Index  sliows  llial  iilaslie 
\  ield  of  I  lie  iee  i.s  likeh  U'  oeeur  unles''  ilie  diii  partielcs 
aie  soft  ('leianie  inalcri'ils  ilial  iiiielit  be  sliiedded  be¬ 
tween  I  lie  -slid  me  sin  faees.  'Vo  ininiiiii/e  diae,  by  toieieii 
111:  leiial.  yraplnle  waxes  aie  used  on  skis  to  allow 
eleeirosiatie  elunees  li'  drain  a'.vay.  lint'oiinnaieK. 
en  ajiliite  is  sol  t  and  a  'eood  tlienii'il  eoiidiietor  and  it  ean 
also  dram  lieii.  nee  ilie  eleetrostatie  eiiai  ees  aie  most 
likel\  to  de'-elop  at  low  teinpei'iiuves  wlieie  the  beat  is 
most  needed  at  tbe  iiilertaee,  tbe  eoiiieideiiee  ot  eood 
elect!  leal  and  tliennal  eondnetion  in  yr>i[iliite  is  -111101111- 
ri'ite. 

l-deetrostatic  eliairies  are  eoiiimon  on  -nbbiim  boil- 
les,  and  coatings  to  induce  electrical  coiidiicnvity  to 
tnnmiiize  eliarge  aeeuniulation  on  snrlaees  are  wivteix 
nseil.  It  is  know  n  tli.it  electrical  cliatges  can  .inse  lioni 
dilterent  teniperature  gnidients  in  tlie  nibbing  solids 
(liowdeti  and  Tabor  I9.i6),  different  surface  tenii'era 
tines,  siressos  in  the  solids,  or  phase  boundaries.  Since 
meltw.iier  is  shed  iroiii  ice  giains.  it  is  likeb  that  the 
d:s|ilaced  water  prcfeieiilialls  removes  aceuimilaled 
ebaige.  iluis  leaving  the  lee  gram  with  liie  opposite 
eluirge.  t'lting  earlier  work,  Dorsey  ( I  b4t))  re| ’oiled  ili.it 
merelv  ilipping  ice  imo  water  is  sutlicieni  to  give  iee  a 
positive  charge,  which  in  turn  migh.i  induce  a  negative 
ciiaige  on  the  slider. 

When  dry  1  nbbing  oecuis,  the  chaige  sep'imtion  Inis 
beenobseived  to  depend  on  tempeiatine  and  speed  .iiid 
thcietiire  on  the  duration  of  the  coni.ici  (l.allKim  and 
Mason  lh(il ).  'Takaha.'ln  ( Ihpha)  found  tiait  riihbed  ice 
sm laces,  including  ice  siirl'aces  coveicd  by  a  lli|iiiil 
layer  ( I'.ikaiiashi  Id(ihb).  developed  a  large  negative 
poieiiiKil.  This  might  he  explained  by  shearing  of  the 
ele-ciiical  double  layer  at  the  ice/watei  interlace.  vUiich 
could  preferentially  leniove  positive  ch.uges  .iiid  le.ive 
the  ice  sill  lace  negatively  charged  pSIiew  clink  ,iiid 
Irihtirne  197-1).  boi  ItHi  pm  drojilets  ol  |)uie  watei  ai 
-lO'W  the  chaig.e  sep.nation  incic.ised  i.ipidly  tibove  .1 
threshold  s|ieed  of  10  111,'s.  ihus  suggesling  that  ihis 
el  feci  IS  only  impoitaiit  at  higher  speeds.  1  lov'cv .  r,  the 
resuils  tdi  p.uie  water  were  eii.itie  sug.gesinn; that  both 
the  iiKigniinde  and  the  sign  ol  ihis  effect  weie  veiy 
sciisi'.ivc  to  siiuill  .imouiits  ol  iiiipuiities  in  Ilie  water. 
.Sign  reversals  h.ive  been  obsei  \  ed  in  othei  experniiciils 
as  v\ ell.  and  1  be  llieoix  n. not  sufficiently  well  vleveloped 
to  .illow  Us  to  identils  the  mi|’oit.uit  pioccsses  with 
conlidence  te  g..  Ihikei  and  D.isli  19, S9).  Ih ii|ip.icliei 
■iiid  Kh-It  tl9~,S)  leviewed  the  piocesses  ili.it  miglil 
.iccoiinl  tor  cli.iige  -.epai.iiion  on  ice.  but  the  niloiiii.i 
lion  does  noi  allow  us  to  ilecide  w  Inch  n,echanisins  .iie 
ope  I, It  I  VC  on  slideis.  let  .lione  how  much  cli.n  g.e  sep.iia  • 
tn  ’ll  iheie  nni'.lu  he.  It  is  \  erv  likeb  lli.il  ch.ii.ue  ■  pai.i 


tioii  oeciiis  on  glnliiig  skis,  and  it  seems  ccit.nii  tluit 
cli.iige  .sep.iralion  would  attiact  impin  ilies  ol  .1  size  that 
woukl  inteifeie  with  gliding.  It  also  seems  possible, 
altliougli  not  impoiianl.  that  eh.iige  sepai.ition  could 
change  the  piessine  of  the  slidei  on  the  snow,  lor 
example,  eleetric.d  double  l.iy  ei s  migl .1  siipi’oii  a  pies 
sure  of  about  10"  I’a  t'kahoi  197-t)  which  is  nuicb 
si'iailei  lhan  ihe  yield  sliess  ol  icc.  1  he  oe\,ii;eiice  ol 
cli.iiges  mighi  be  most  impoM.iiit  when  oiv  sliding 
oceuis  at  low  humidities  and/01  w  ben  the  most  iik  liw  .1 
lei  isbetiigshcd  bom  the  snow  grains,  Me,ismenieni.sof 
electrostatic  cli.irges  on  skis  should  be  nt.ide  to  identifv 
the  eondiiions  under  winch  this  phenomenon  occurs 

Me'asiirciiieiits  of  the  •  er  piessureal  the  b.isei’fa 
gliding  ski  are  .ilso  iieccss.n  v  to  identify  the  coiidilioiis 
wheiecapill.iiy  action  111, ly  adddi.ig  to  the  ski.  C'olheck 
t  |9,SS)  siiggtesle'd  that  llieie  are  iw  o  ty  |’es  of  snow  gi.niis 
that  iiitei.ict  with  '.>■  rs:  those  thal  sn|)|ioil  the  vv eight 
of  the  sliilei  w  ith  either  si’lid  to -so  I  id  eoniaet  or  throngli 
liigli-pressure  waier  tilnis.  and  iionsiippoitmg  grams 
that  are  in  contacl  w  ith  the  slider  through  a  lR|iud  b.nul. 
Mielias  tile  one  show  n  m  l  ignie  -1.  I'liesc  cxeii  adi  .ig  on 
the  slider,  because  ol  ihe  by  steresis  in  the  ci  niael  angle, 
aikl  a  dow  lu  .nd  loicc.  hecaiise  of  the  leduccd  I’lessnie 
III  any  w.itei  allacbnienl  with  ibis  sh.i|’c.  While  then 
exisie-ice  is  iinpioven.  c.ipilkny  isl.inds  or  eleciiic.il 
cliaiges  aie  the  only  proposed  mech.misiiis  foi  the 
incicase  in  iliag  dial  is  associ.iied  w  nh  wei  coiiilnions. 

Capill.iiy  f-irces  should  be  high  when  .'hding  over 
fiesli.  w  et  snow  bei  aose  ol  the  siiiallei  and  11101  e  nun lei  ■ 
oils  pores  niiderthosecoiuhtioiis.  The  suction  m  a  poie, 
show  11  ill  l•lgllrc  1  .T  incieases  as  the  i  11  v  vise  id  die  poie 
si/e.  and  fresh  or  fnie-grained  snow  h.is  siiiailei  poies. 
lv>r  coaisc-giamed  snow  diegeonicliy  shown  in  fignie 
4  suggests  th.il  the  foi.es  would  be  gie.ilei  wlien  less 
watci  was  available  be.aiise  ihe  loice  on  each  p.nllvie 
would  be  greaier  for  sm.illei  lupiid  iskinds  llowivei. 
itioie  isl.inds  would  be  aciive  il  nioie  w.nei  weic  .n  ail 
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Table  3.  Contact  angles  of  water  on  various  sub¬ 
strates  from  Bowden  and  Tabor  (1964). 


Stih^ilrdic 

Ciinuu  t 

IJi'H) 

Coniment 

Ski  IdCkjucr 

0 

l‘aruirin  \va\-i;rcip!iiic 

Increases  w  u!:  tinic 

Paraffin  wax 

I  IX 

IX'crcaxci  xviiii  time 

Aluminum  sicaia’c 

122 

38"  w  hen  rubhed  under 

water 

Nyliin 

0 

Pen's  pox 

0 

P.T.l'.L. 

126 

Remains  constant 

able,  so  [be  effect  for  coarse-grained  snow  may  be 
greatest  at  intenncdiute  values  of  water  supply.  While 
tiie  geometry  of  tiio  pore  or  ice  particle  may  dctcmiinc 
the  w  .Iter  pressure  in  the  connection,  the  surface  area  on 
the  slider  is  largely  controlled  by  the  contact  angle  of 
water  on  the  slider  base.  As  show  n  in  I-igure  4,  there  is 
a  hysteresis  in  that  angle  as  the  water  slides  over  a  dry 
base.  On  the  leading  edge  ihe  angle  increases  as  the 
water  advances  onto  the  dry'  surface  and,  on  the  tiuiliiig 

wetted  surface.  7 his  change  in  angle  greatly  increases 
the  drag  on  the  slide”'. 

I  hedosviiward  pull  on  the  slidorCACited  by  aii  island 
is  the  pressure  in  the  island  tunes  the  contact  area.  Both 
picssuic  and  contaci  aiea  are  detenu  iried  by  '.lie  shape  of 
the  islaiul,  which  is  alfected  by  the  geometry  of  the  ice 
surtaee  and  the  contact  aiigic  on  the  slider.  Bowden  and 
Tabor  ( 1964)  rcfiorted  contact  angles  for  various  sub¬ 
stances  of  interest  and  also  reported  that,  for  some  of 
these  surfaces,  the  angle  decreases  with  time  as  the 
molecules  ill  the  substance  reorient.  Sonic  of  tbc.se 
angles  aie  lisled  in  Table  3.  wheic  ilic  disadvantage  of 
the  old  vki  lacquers  and  the  great  advantage  of  P.'r.l-.l-f. 
iscIcMi.  Willie  the  tune  constant  w  as  not  rcpoilcd  for  the 
decrease  in  contact  angle,  Bow  den  and  Tabor  did  icport 
that  the  cffcci  of  wetting  o'  ncwlv  waxed  skis  could  be 
obscp.  ed  aflei  a  ''slioit  distance  ol  sliding.”  It  is  not  clear 
if  all  iiKuicni  waxes  have  this  same  disadvantage  but  if 
they  do.  iliat  would  explain  why  skis  aie  roughened  lo 
help  o',  cicoinc  capiliarc  bonds.  It  also  poiiils  out  one  of 
the  great  ditfcicnccs  iii  |iolyiners  since  .sonic,  such  as 
nylon,  wall  allow  water  lo  pcncir.ilc  (C’olicn  and  1  aboi 
l')6()),  which  reduces  the  strength,  increases  the  real 
coiitael  aica,  aiul  thus  ineieascs  liiclion  (Lancaster 
NS’alei  penctiation  sliouUI  he  lediieed  by  propei 
waxing. 


Combined  niodr  Is  of  the  processes 

From  what  is  know  n  about  ilic  different  processes,  il 
is  likely  that  various  ones  dominate  under  different 
snow  conditions  sucli  as  temperatu'  cry  sial  type,  and 
wetness  and  different  slider  char,  eristics  such  as 
length,  speed,  load,  and  thcmial  conductivity,  rrom  the 
available  c  .ddence,  it  seems  that  plastic  deformation  or 
fracture  of  the  asperities  dominaics  under  conditions  of 
fresh  dry  snow,  li'W'  speeds,  and  low  temperatures.  A 
higher  speeds  and  higher  temperatures  on  smoother 
.snow,  the  processes  arc  predominantly  clastic  defonna 
‘ion  of  the  solids  w  ith  hydrodynamic  lubrication  be¬ 
tween  the  ioiids.  I-'or  still  higher  temperatures  vviih  wet 
snow,  capillary  attacliments  increase  drag  on  the  slider 
base  in  a  manner  that  is  sensitive  to  the  contact  angle  of 
water  on  the  slider,  the  roughness  of  the  slider,  and  the 
geometry  ofthe  snow  grains.  Given  tliis  complexity,  it 
iscicar  why  Lehtov  aara  ( 1 989;  said  that  "one  panicular 
ski  cun  operate  optimally  only  in  a  small  range  of  track 
and  ail  condilions."  For  this  reason  wc  w  ill  construct  a 
simple  model  tliai  describes  snow  faction  in  terms  of 
the  amount  of  water  available  for  lubrication  at  the 
interface.  i-‘’a  behind  this  model  is  shown  in  Figure 
14;  d'c  ■j^iminuni  process  depends  on  the  film  tliickness, 
which  in  turn  depends  on  both  the  amount  of  meltwater 
being  produced  and  the  efficiency  w  ith  wliich  it  is  used. 

f  ItWV)  /H  r>re‘‘ri  )  f  h  frie'fir\n  r\f  •\ 


siidci  on  snow  asconsisting  of  three  comjioncnts  w  hose 
relative  significance  depended  primarily  on  the  ambient 
temperature  but  also  on  tlic  heat  loss  into  both  the  slider 
and  the  supporting  ice  grains.  In  dry.  cold  snow  mudi  of 
the  licat  produced  at  the  ini  rfacc  is  lost  to  conduction, 
thus  Ihe  Irictitui  is  detemi'  d  by  :i  combination  of  '.he 
forces  loquiiod  to  deform  .ne  solids  and  the  liydrody- 
ntimic  drag  in  linn  films.  When  the  snow  is  wet  and  heat 
generation  at  the  iniert ace  is  a  disadvantage,  the  friction 
is  controlled  by  drag  duo  U'  capillary  torces  and  the 
hvclrodyiiainic  drag  in  tiiickei  films.  I  hifortuiiatcly ,  tiie 
only  one  of  liiesc  ihrcc  processes  dial  has  been  de¬ 
scribed  qu.inlilalr.cly  at  this  time  is  the  Iivdrody  naiiiic 
rlrag.  and  that  has  only  been  dcscnlrcd  tor  snow  il  the 


interlaces  are  smooth  and  il  the  heat  and  mass  halaiiccs 
aic  know  n  an  lie  interface.  Lcluovaai  a  ( 1 9k9)  nunicllcd 
friction  as  the  sum  of  wet  and  rliy  coiiiponciits  that 
operated  over  different  pomoiis  ofthe  base.  7  iic  wet 
friction  was  described  as  in  cq  2 1  and  the  dry  fnciioii  as 
in  cq  l-'i.  When  the  airpiopnale  aicas  ovei  which  these 
processes  operate  ate  known,  a  gcncially  apf'licahlc 
model  ol  Inciion  can  he  consiuicicd  L'nloituiialcK . 
these  areas  are  iiol  onlv  unknow i-  hut  cl.isUiluxlio 


dynamics  suggesis  that  the  coiilaci  areas  arc  even  ill 
dcliiied  since  itic  solids  can  inictact  ihiough  lluid  pics- 
suie  wiihoul  coining  in  diicct  coiilacl.  I  luis  a  simple 
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Fnm  Thickness 


Fii^iirc  ]-l.  Friction  vs  vaterfilm  thickness.  Thcfnction 
IS  [greater  when  the  films  we  thinner,  because  afsolid- 
to-sohd  interactions,  and  when  there  is  too  much  water 
present. 

empirical  approach  will  be  used  here  that  is  based  on  the 
three  main  processes  used  in  I-'ieure  14.  Since  the 
relative  importance  of  these  three  processes  is  con¬ 
trolled  by  the  thickness  of  the  meltwater  film,  which  is 
in  turn  at  least  partly  coiitrol  led  b>  the  heat  balance  at  the 
sliding  interface,  we  begin  by  examining  that  heat 
balance. 

Interfacial  enei  py  balance 

The  heat  tivailable  foi  melting  ;it  the  interface  is  the 
heat  generated  by  friction  and  radiat.on  absorption 
minus  the  net  energy  bahince  due  to  conduction.  The 
tottil  energy  balance  is 

U'uK  -i- 1'./ 1 1  -  aj/i’  =  nnmpfji  T  r/|  iinr  t  wlq  ■ 

(27) 

where  h  is  the  rate  of  melting  at  the  contacts.  </,  is  liic 
heat  tlii-N  into  the  ice,  and  ^/.,|  is  the  heat  flux  iiiiO  the 
slider,  u  IS  the  albedo  of  the  base  of  the  slider  and  l<  is 
the  solar  radiation  impinging  directly  at  the  interface. 
Later  we  show  tiiat  this  can  greatly  affect  the  interfacial 
lemneratuie  an  i  thcielon,  the  friction.  The  heat  flow 
into  the  slider  and  the  heat  How-  into  the  ice  must  be 
treated  se|)aratcly  because  the  shdei  accumulates  heat 
as  it  moscs  but  the  ice  is  constantly  renewed.  Assuming 
the  snow  grains  instantly  reach  (LC  when  tlte  slidei  ai- 
nves  and  remain  at  tliat  iem|iciature  during  the  passage 
of  the  slidei  .Colbeck  ( I  P.Sfl )  suggested  that  the  heat  llu  x 
into  an  ice  gram  is 

(/  =  -  -L'.Lv'.  .  (28) 

(kkv)'  - 


where  7'^n  i''  snow  surface  temperature  in  °C  and  /  is 
the  time  since  the  onset  of  contact  for  that  snow-  grain. 
If  the  gram  is  in  contact  with  the  ski  along  its  entire 
!'’ngth/,  the  average  heat  How  into  the  ice  gram,  is  giv  en 
by  ' 


Tlie  total  heat  loss  into  all  ice  grains  during  passage  is 
nm  -  times  this  value. 

To  analyze  the  heat  fiow  into  the  slider,  Colbeck 
( 1988)  assumed  that  any  point  on  the  slider  was  at  O'C 
w  hen  in  contact  with  an  ice  panicle  and  at  7^,,  otherwise. 
It  was  also  assumed  that  the  top  of  the  slider  w  as  at  the 
same  temperature  as  the  snow  surface  and  that  the  heat 
flow  was  only  v  enical .  These  assunijitions  are  sho  . .  n  to 
be  rather  poor  by  the  temperature  measure. nents  at  the 
base  of  skis  reponed  by  Colbeck  and  Warren  (in  press), 
as  well  as  some  new  measurements  discussed  later. 
Accordingly,  we  take  the  heat  loss  into  tire  slider  as  a 
parameter  that  can  be  greatly  affected  by  such  simple 
things  as  the  color  of  the  slider  and  its  metal  content. 
more  complete  energy  balance  of  ;i  slider  than  that  done 
by  Colbeck  and  Warren  (in  press)  is  needed  to  get  the 
necessary  mlortiKilKvn  about  the  themiai  response  ot 
skis  to  heat  production  by  sjrccd.  radiation  balance,  and 
ambient  temperature.  When  eqs  27  and  29  arc  combined 
and  the  r..tio  of  area  to  weight  is  taken  as  c.  the  rate  of 
melting  over  contacts  of  area  nm  -  is 


(.■^U) 

wheie  7^, I  is  m  °C.  'I  Ins  is  an  expandei!  veisiun  of 
Lchtovaara's  (1989)  eq  19  an  I  is  similar  to  the  equa¬ 
tions  deiived  by  Colbeck  ( 1 988).  It  giv  es  the  ineliw  atei 
productKMi  rate,  which,  along  with  the  slieai  leinoval 
rate,  contiols  the  thickness  ot  the  water  films.  The 
significance  of  the  different  teiiiis  is  desciibed  latei. 

Fm/ni  n  al  model 

Tlie  experimental  evidence  shows  that  theie  is  a 
laiigc  f'om  diy  sliding,  wheie  loo  little  mellwatei  is 
available,  to  very  wet  sliding,  w  here  too  much  nieltwa- 
tei  IS  available,  beca-jse  of  this.  Colbeck's  (1988) 
eni|iiiical  model  was  b.ised  on  watei  f  ilm  thickness. 
While  this  model  captuies  the  iiasic  ide.i-.  .iboui  the 
physic.-,  of  the  processes  as  ex|'lained  m  this  mono 
giaph.  the  model's  use  is  limited  by  the  lack  of  conv e- 
iiieiii  w.iys  to  mea-.Liie  the  f  I  ill  -  's  thickness.  Concei'iu 
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ally  it  iMiierch  an  aiicnipi  to  fit  equal  ions  to  the  existing 
ideas  about  how  friction  works, but  it  docs  not  increase 
our  understanding  of  the  ptoccsses. 

Taking  wet  and  dry  friction  as  parallel  processes  that 
operate  according  to  the  ideas  of  elastohy  drody  namies. 
ilietotal  friction  isgiven  bythesum  ofthe  interaction  of 
tliesc  parallel  processes  and  the  friction  due  locapillaiy 
atirtictioi;,  or 

=  ^ -  (31; 

,*^dry  f*luh 

Idle  experimental  evidence  suggests  th;ii  dry  friction 
decays  exponentially  as  the  thickness  of  'he  meltwater 
film  increases,  so  we  assume  liiai 

Uj,,  =  C  exp  (.s2; 

where  c  and  c  arc  constants  that  can  be  deiennined 
experimentally  but  tha’  would  vary  with  the  prcsailing 
conditions.  While  piut,  can  be  detemiined  from  the 
phy  sical  tiicory  outlined  above  for  the  dy  namics  of  the 
w  ater  film,  there  is  no  phy  sical  or  ex  pen  mental  basis  tor 
quantity  ing  the  li  leiional  lorce  due  to  capillary  allacli- 
meiils.  .Since'the  importaiiee  ol  these  allachinent',  must 
ineretise  with  the  tntiilabiliiy  of  waiter,  and  rcmosal  hy 
l^o!!'  '.I'Cilt'  iiiicl  * I'c rc pov.cr'.  t)1  a  v.c 

assume  thtti  the  diag  increttscs  ;is  a  powei  of  h.  .Ac¬ 
cordingly. 

.L‘..,p  =  |W''  (-3.d 


where  P  IS  a  constant  for  given  conditions.  .An  example 
of  how  the  total  friction  and  its  components  change  with 
wate-  film  thickness  is  shown  in  Figure  1,‘s  fora  typical 
set  ofeoiulitions.  Overall  the  friction  is  a  balance  among 
its  different  eoinponeuis  w  ith  tile  result  tliai  it  reaches  a 
niinimum  ;ti  an  intenncdiate  value  of  Him  thickness. 

Summary  of  models  and  proce.s.ses 

It  should  be  clear  from  the  preceding  discussions  that 
some  of  the  fundamental  infomiation  about  snow  fric¬ 
tion  is  missing.  Tlicrc  will  be  mucli  speculation  about 
the  sliding  processes  until  we  kiunvllie  scales  at  w  inch 
the  doiniiiani  mechanisms  operate.  .Studies  of  ilic  sur- 
I'acc  topography  of  sliders  and  snow  must  be  done  in 
conjunction  with  measurements  of  frieiioii,  electrical 
charges,  surface  te'mperatures,  and  water  him  iliick 
ncsses.Then  the  tlieory  ofelasiohydrody  namics  can  be 
applied  to  test  ideas  about  possible  mechanisms.  Until 
then. discussionsof  the  mechanisms  w  ill  be  speculative 
and  models  of  tlie  processes  w  ill  be  qualitative  at  best. 
Limpincal  models  such  as  the  one  presented  abos  e  may 
be  of  sonic  practical  s.ilue  but  eaiiiiot  possibly  include 
all  ofthe  jiaranietersof  inieiesi  fjis  eii  this  situation,  the 
experimental  obsei cations  tliscusseti  next  tiie  p.niieu- 
h'.rly  s  aiualile  but,  as  w.is  exphiined  .iboce.  the  appli'.a- 
bility  ol  an  expel  imcntal  lesult  is  limited  to  the  range  of 
Ciiiv.lilu'ns  w  ill!  Ii  ihc  !•■>;  j'l'riii.iMil  was  c  in.-hicled. 
because  the  processes  tli.il  cuntiD:  the  hictioii  change 
w  nil  pal ameteis  such  as  speed  aiul  slidei  length.  Ncscr- 
ihclcss,  iniich  lias  been  Icained  fioin  bolli  lahoialnry 
tests  and  skiei  expeiieiice. 
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IV.  SNOW  FRICTION  MKASCREMFNTS 

There  In  a  long  hieior\'  of  n'lCasurcrnents  of  snow 
friction  but,  because  of  tlie  large  variety  of  imponant 
parameters  in  these  tests,  it  will  .still  he  a  long  time 
before  there  is  enough  good  quality  data  to  provide  all 
of  the  needed  infonnation.  Certainly  much  ot  the  prob¬ 
lem  is  due  to  the  lack  of  measurements  under  the 
conditions  of  primary  intere.st:  long  sliders  moving  at 
high  speeds  under  a  variety  of  natural  snow  conditions. 
A>;cordingl\ .  the  available  experimental  results  ate 
useful  for  insestigating  the  important  processes  but  do 
not  provide  information  .about  the  coefficient  of  friction 
under  most  conditions  of  inteiest.  The  existing  experi- 
menta'  cvide.icc  docs  give  us  infomiution  about  bow 
friction  vanes  with  parameters  such  as  speed,  load,  and 
temperature  under  laboratory  conditions. 

Effect  of  speed 

At  lo\s'  speeds.  Bowden  and  Tabor  ( 1 964 )  found  thai 
the  friction  of  miniature  skis  dropped  slow  ly  as  speed 
incretiscd  gradutilly.  so,  at  a  speed  of  O.D.I  m/s.  the 
friction  was  only  slightly  less  than  its  sttitic  \  alue.  The 
same  ptittern  w  asobseivcd  for  a  variety  of  materials  but 
with  less  friction  for  wtixcd  wood  than  for  Utcquered 
wood.  Perspe.' ,  or  tiluminurn.  I  lowcscr.  the  friction  for 
all  of  thesi'  niati-riaK  dropped  grealiv  when  the  speed 
was  increased  to  .S  in/s.  presumtibly  because  t)t  the 
greater  heal  tinil  meltwater  production  at  these  highei 
speeds. 

Shimbo  11961)  obseived  similar  hohtivior  lor 


icT  I  i:.,  with  the  friction  dropping  very  rtipklly  as 
speed  first  increased.  ;is  shown  m  Pigure  1 6.  For  ice  the 
friction  continue.s  to  drop  with  increasing  speed  but 
with  SHOW'  it  is  usually  found  that  friction  increases  ;it 
speeds  above  .S  to  10  ni/s.  As  shown  in  Figure  16. 
Kuroiw-a  (I977j  observed  this  behavior  for  both  w  axed 
and  unwaxed  poly  eibylone  in  both  wet  and  dry  snow . 
■Spring!  1 988) also obsers  ed  this  increase. especially  for 
wet  snow,  while  the  friction  of  drv  snow-  .stay  ed  kwv  at 
least  up  to  10  m/s.  as  shown  in  Figure  16.  Coibeck 
(1988)  explained  both  the  decrease  at  low  speeds  and 
the  increase  at  higiicr  speeds  in  temisof  ihedy  namiesof 
the  water  films  Iloweser.  it  seems  likely  that  the 
rcductio:'  of  solid-to-solid  interaction  as  speed  first 
incieasc.s  and  the  greater  heat  loss  at  high  speeds  are  at 
least  p.irily  responsible. 

From  the  data  it  is  cletir  the  friction  decreases  below 
the  static  value  once  speeds  are  great  enough  to  intro¬ 
duce  some  liibricatiiig  meltwater  and  that  friction  in¬ 
creases  again  once  the  speed  exceeds  2  m/s,  .iccording 
to  Spring  (1988).  or  10  m/s.  according  to  Kuroiwa 
(1977).  It  is  not  likely  that  the  trend  seen  in  Spring's 
resultscan  continue  since  aiicrtifi  hindingson  snow  and 
ski  racing  w  ould  be  mi;)ossibie.  For  the  same  reason,  it 
isunlikcly  that  the  steepening  trend  show  n  m  Kuroiwa's 
dal.i  couid  be  correct.  Ilowescr.  it  does  airpear  to  be 
COriCi.'!  tltat  the  fri'.'lioii  incn.'asi.'s  ai  Ihgtier  speeds 
possibly  because  ot  both  the  dynamics  ol  the  w  alert  i!m 
and  because,  as  shown  in  ctj  29.  the  avcitige  hetti  Ilow 
into  the  ice  grtiins  increases  w  iih  s|K’ed  as  w  ouki  thcliciil 
loss  from  the  slider  due  lo  energy  e.xciiange  with  the  air. 
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C;isassa  ct  al.  ( 1991 )  iiioasui  ed  the  Irietioii  iii'snow 
on  snow  and  snow  on  ice.  While  their  work  was  de- 
signeil  to  piovuie  iotonnation  about  flow  ine  snow  and 
not  about  sliders  on  snow,  the  sliiline  ttl  ice  on  .snow  or 
snow  on  ice  iniyht  provide  some  insudit  into  the  processes 
of  snow  friction  ;it  low-  va’ues  of  load.  At  these  loads, 
snow  panicle  disaggrauation  and  tnovement  can  add 
drag,  and  ice-to-iee  adhesioit  must  aKo  be  considered. 
Thus  their  results  are  not  used  here,  but  they  do  show 
interesting  effects  of  speed  ai  different  temperatures. 

Kffect  of  load 

When  the  coefficient  of  friction  is  independent  of  the 
load  on  the  slider,  the  proeesses  of  friction  can  bo 
described  nioie  etisily,  since  it  is  then  assumed  that  the 
contact  area  is  proportional  to  the  load  (Uowden  and 
Tabor  1956).  Kuroda  (1942)  found  that  tlie  coefficient 
of  static  friction  remained  constant  with  increasing 
pressure  fora  \  ariety  of  snow  conditions  and  inalenals. 
and  Bow'den  (1953)  found  a  similar  result.  lie  also 
showed  that  the  coefficient  depended  on  the  t\pe  of 
surface,  being  lowest  for  P.T.I'.I'..  bhimbo  (1961). 
Keimtnon  ( 197X),  ;ind  Springe!  al.  ( 1 9H,5)  loiinil  similar 
results  for  both  static  turd  kinetic  Iriction.  At  a  speed  of 
0  1  m/s.  Bowden  and  Hughes  (1939)  touiul  ibat  fne 
coelficient  ol'  friction  of  a  ski  on  smrw  dccrcaseil  witen 

I u  ,  1 ....  I  . .  I  .  I  ..1.  . . ..  Cf  i  1  .  _ j  I  ;  .f  .  .  .  1  •. 

uiv.  w  Av,v.vvjs.\.i  sn.'v,ivri  u  .  suiu  l  .%  •»•>' 'i  i  \l 

found  that  it  dccietiscd  I'or  increased  loads  ;it  2. .5  m/s. 
With  these  s|ieeds  aiul  langes  ot  loads.  llie  liiel'onal 
irocesses  would  luive  changed  from  dry  processes  to 
Uibi  leatetl  processes  as  the  load  iiKiease(,l,  aiui  thus  the 
experimenlal  lesults  may  simpl_\  indicate  that  tlie  mode 


ol  sliding  inoced  fiom  the  left-hand  side  lo  ihe  middle 
ofl-igurc  14. 

Kffect  of  fcniperaturc 

Thcie  luis  been  a  lot  ot  interest  in  the  effect  ol 
ambient  temperature  on  sliding  friction,  because  the 
effeei  is  discernablc  to  boib  icc  skaters  and  skiers  and  it 
is  relatively  easy  lo  observe  cccpenmentalK.  Kq  30 
sliows  that  the  rate  of  meltwater  production  decreases  as 
temperature  drops,  and  it  is  clear  that  the  tliiekncss  of  the 
layer  of  meliccater  decreases  w  ith  (.leereasing  tenipera- 
lure.  Ambach  and  Mayi  (19.SI )  lound  that  the  effect  of 
temperature  was  most  pronounced  in  the  first  one-third 
of  a  ski  run  before  the  speed  increased  to  the  highest 
values.  Thus  it  is  the  combination  of  w  eight,  fnetion, 
speed,  and  the  energ)  hidaiiee  at  the  intertaee  that 
controls  the  generation  of  meltwater;  the  ambient  air 
temperature,  snow  suifaee  temperaiu  a.id  radiation 
balance  all  contribute  to  litis  encrg>  ...lance.  .Since 
snow  (uriace  lemperature  is  vers  difficult  to  measure 
because  of  radiational  efieets  on  sen.'-ors,  use  of  the  ait 
tcntpei.ituie  as  a  partimcter  is  c'ommon.  although  the 
shdei/snow  iniei  tticnil  tempeitiiure,  not  the  an  tempera¬ 
ture,  is  of  priiiKiry  interest. 

Bowden  and  lliighes  (1939).  Klein  (l9-f7),  and 
hrmakov  ( 19.S4)  mciisured  stead)  incretises  in  friction 
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Warren  (in  press)  fouml  that  ski  bases  were  eoldci  ;il 
lowei  amhieni  lempei  atuies.  Bowilen  ( 1 95. i ,  tom ul  that 
static  friction  iiicieaserl  al  lower  tcmpcialuic..  hut  that  it 
also  lncle;l^e^l  al  an  tenij'eraluies  abuse  liecving  and 
ill.tt  boll)  suhfree/.mg  ami  snpiafiee/ing  efieets  <.iependei.l 
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jireail}'  on  the  type  ol material  applied  to  the  oase  of  a 
ski.  Bowden  and  Tabor  ( 1 964;  found  a  similar  response 
at  low  speeds  (Fiu.  17;  but  found  u  great  difference 
between  P.T.I'.M.  and  other  materials.  At  a  speed  of  2.5 
m/s,  Irrieksson  ( 1955)  Observed  a  more  rap'id  rate  of 
increase  in  friction  for  steel  runners  than  for  wooden 
runners  ;,s  the  temperature  dropped,  pre.sumably  be¬ 
cause  of  the  greater  heat  loss  through  the  met;il.  I  low- 
ever,  bricksson  found  that  the  friction  on  the  wood 
runner  increased  above  about  -l‘C.  no:  anovc  O’C  as 
Bowden  had  observed.  This  suggests  that  for  highly 
polished,  hydrophilic  runners,  capillary  drag  may  be¬ 
come  important  at  temperatures  just  below  the  melting 
temperature.  Outwater  (1970)  suggested  that  this 
minimum  in  friction  occurs  at  different  subfreezing 
temperaiurcs  for  different  ski  surfaces. 

Kffect  of  snow  type 

It  is  generally  agreed  that  fresh,  cold,  and  man-made 
snow  are  aggressive  because  they  erode  the  base  of  a  ski 
and  increase  friction.  Accordingly,  harder  waxes  are 
used  under  these  conditions.  Conversely,  old,  wami, 
and  dense  snow  s  c.xhibit  low-  friction.  This  is  partly  due 
to  the  decrease  in  friction  with  increasing  grain  size 
(Mg.  1  8|,  which  ean  be  c.splaincd  by  the  dynamics  of  the 
watci  film  (Colheck  19SS)  and  by  the  greater  elastic 
response  when  the  grains  arc  bigger  or  smoother.  Klein 
( 1947 )  staled  lurtltcr  ihutt  iltc  resistance  to  sliding  was 
high  w  ith  fresh  snow  until  it  losi  its  dendritic  siructurc, 
and  lie  suggested  that  finer  snow-  structures  had  higher 
sliding  resistances. 

I  lamalainen  and.Spr  ing( !  986;  found  that  the  kinetic 


friction  of  skis  tended  to  decrease  for  harder  snow 
surtacos.  but  the  ellcct  was  not  very  large.  Thus  several 
investigators  found  the  highest  friction  for  fresh  snow 
and  the  second  highest  for  wet  snow,  while  older,  higher 
density,  frozen  snow  s  had  low'cr  friction  (e.g.  Kuroda 
1942).  It  appears  that  crushed  ice  has  rather  aiftereni 
prope Hies  than  most  snow  (Shimbo  1961,  l.ehtovaara 
1989)  and  should  be  avoided  as  a  substitute  for  snow  in 
laboratory  e.xperiments. 

Kffects  of  slider  characteri.stic.s 

The  effect  of  length  observed  by  Lrieksson  ( 1955) 
and  shown  in  I-'igure  Ibis  well  known  to  skiers;  it  is  one 
of  the  reasons  why  longer  skis  are  used  for  racing  events 
that  emphasize  speed  rather  than  turning.  This  can  be  at 
least  partiy  explained  In- the  thickening  of  tlie  water  filnr 
along  the  length  of  the  ski.  as  rlisciissed  eaiher.  The 
elteci  of  Ilie  ihermal  condiiciiviiy  of  a  slider  on  ice  vvas 
observed  by  Bowtien  and  llii.uhes  (19.79n  wiio  first 
suggested  use  of  lovx -conductivity  meials  for  ski  edges. 
Tins  idea  was  ex  tended  by  the  th.eory  of  Colheck  (1*^88; 
and  the  themial  model  of  a  ski  by  Colheck  and  \\  arren 
(in  press)  w  ho  suggested  that  highly  conductiv  e  mate 
rials  such  as  alumiiunn  should  be  avoided.  es|K'cially 
close  to  the  base  of  the  ski. 

Snow  skis  arc  loutinely  imprintetl  with  tlifleieni 
roughnesses  and  co.iieti  witli  waxes  of  tiilfcreiit 
liardncsscs.  In  an  inijronani  scric.''  ol  tosis.  Siiiinlxi 
1 1961,  1971  jshoweti  the  efleci  of  hardness  and  rough¬ 
ness  on  kinetic  Inchon  a:  a  spieed  of  2.4  m/s  At  an 
amhient  icmiveraturc  of  x’C.  the  kinetic  triciion  is  less 
lor  rougher  surfaces  (Mg.  20)  wheieas  al  -2'C,  the  ki- 
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nctic  triciion  increasL’d  .‘.lightly  u  iili  rouglir-jss.  These 
test.s  should  be  more  detailed  in  the  finer  scale  o;‘ 
roughnesses,  especially  in  the  range  of  0  to  1 0  pm  where 
ski  roughnesses  generally  occur. 

The  theory  t  felastohydrody  namics  described  above 
should  apply  to  snow  when  the  slider  is  haider  than 
snow  hut  is  still  highly  elastic.  When  the  slider  is  softer 
ttnd  begins  to  erode  and  roughen,  the  increased  rough- 
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Sion  of  the  shdet  because  of  it'creasecl  srrlid-to-sohd 
intertiction.  Ihgure  21  shows  Shimbo's  lesulls  for  wsix 
hardness  ( a  lower  value  of  penetration  indicates  a  harder 
surftice).  The  results  of  these  tests  cwplain  what  is 
conitnon  knowledge  in  skiing:  haidei  waxes  work  bet¬ 
ter  at  low  er  tempenitures.  and  softer  waxes  work  better 
at  higher  teinperatuies.  The  effect  is  especitilly  pro¬ 


nounced  at  lower  leniperaiure.s  w  here  the  coefficient  of 
friction  decreases  rapidly  as  wax  hardne.ss  increases, 
possibly  bectiuse  the  harder  iec  surfaces  are  capable  of 
penetrating  the  polymer  bases  of  skis  at  these  tempera¬ 
ture-.  As  shown  in  I’igurc  6.  ice  increases  in  hariine.ss 
witli  falling  temper, iture  much  mote  riipitlly  than 
I’.T.l-M-...  and  ice  is  the  harder  substance  below  about 
-I5''C.  Since  ice  is  capable  of  eroding  ski  Innestit  lower 

roughening  at  lower  temiteratuies  since,  as  shown  in 
I-igure  20.  friction  incretises  with  roughness  at  sub- 
frcc/.ing  lempeiatures.  1  he  elfcet  of  roughness  on  tric- 
lion  at  lower  temperatures  i^  probtibly  niueh  greater 
than  suggested  by  the  l  esults  in  h'lguie  20.  hu:  tests  such 
as  these  icmain  to  he  done  tit  lr,wer  temperatuics. 

1  here  are  other  impoi  iani  ctfocis  on  slitling  friction 
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Figure  21.  Coefficient  of  friction  v.v  penetration  into  wax  at  different 
tempetaturex(ufterShiinho  197 1 ).  Penetration  ii  inversely  related  to  hardness. 


but  there  are  no  obsep.'ations  of  these  effects  to  rcpoii. 
Electrical  charges  have  been  observed  to  accumulate 
when  snow  is  rubbed  against  itself  (Chalnicis  1952). 
and  these  charges  may  account  for  some  din  accumula¬ 
tion  by  the  .slider.  Measurements  of  both  the  charges  and 
the  dirt  arc  lacking  and,  while  thcchargcs  should  not  be 
loo  difri'jult to ri*iCosurc  ih.c cilrt be 
because  it  is  likely  to  be  in  the  size  range  of  microme¬ 
ters.  Micrometer-size  particles  would  be  easily  ati'acied 
by  electrical  charges  and,  if  harder  than  ice,  w'ould  be 


V.  OTHER  .SLIDER  MEASLREMEM  S 
AND  SI.MtLATIONS 

The  most  useful  infomiation  that  could  be  obtained 
at  this  time  W'ould  come  directly  from  the  sliding  in- 
t  •'ace:  the  aistribution  of  thicknesses  anti  areas  of  the 
I.  .Itwater  films  the  surf.tce  roughness  of  sliders,  the 
suiface  roughness  of  the  supporting  ice  grams,  the 
.^.i;act  .ireus  of  the  solids,  the  deformation  of  both  solid 
surfaces,  their  temperatures,  and  the  nature  of  capillary 
bonds.  Here  we  review  the  small  amount  of  information 
that  isavailableitbout  these  subjects:  itifoniiaiionon  the 
contact  area  beneath  the  slider  and  the  thickness  of  the 
meltwater  filtns. 

Temjieratuie  measurements  a'  the  base  of  the  slider 
arc  an  indirect  measure  of  the  processes  and  properties 
at  the  interfiice,  but  they  are  important  intheii  own  right, 
liiey  are  much  moic  easily  made  than  an\  of  the  other 
measurements.  ;md  it  is  very  imponant  to  know  the 
temperature  at  which  the  interfacial  jiiocesses  take 
place.  W'liilc  .imbient  air  lcm|ieratuie  was  leporterl  as 


the  most  important  parameter  for  the  friction  measure¬ 
ments  given  in  the  last  section,  it  would  havtt  been 
much  more  informative  to  report  the  interface  tempera¬ 
ture  of  the  slider,  which  is  not  determined  by  air  tem¬ 
perature  alone.  In  fact,  in  some  circums’ances  solar 
radiation  may  be  more  important  than  air  tempciaiure. 


A  /I  I  rtAm 


of  the  interfacial  heat,  which  generates  the  tncltw-ate: 
that  controls  the  friction 


Him  thickness 

Bowden  and  Hughes  ( 1939;  made  the  first  attcm[5t  to 
measure  the  thickness  of  .r  meltwater  film.  However, 
they  used  a  crude  method  based  on  the  electrical  con¬ 
ductivity  of  salt  water,  and  thcii  c.s'imate  was  almost 
cenainly  too  High.  .Ambach  and  Mayr  (19Slj  used  a 
l(K)-mnr  capacitance  probe  placed  at  'lie  base  of  ;i  ski 
to  delcnviine  the  thickness  of  the  film  tind  thusobtamed 
the  first  values  that  .ire  at  least  close  to  being  correct. 
Because  a  call  brat  K)n  pi  oeedure  wasnecessan  to  convert 
the  voltage  signtil  into  a  film  thickness,  the  reported 
values  of  thickness  are  not  necessarily  exact,  but  they 
arc  almost  certainly  ol  the  light  order  of  magnitude  and 
show  tremls  wilh  vtiry  ing conditions lliut  aie  very  heliiful 
111  thinking  about  the  piocesses,  .Ambach  and  Mayr 
found  that  the  water  liliii  thickness  varied  with  snow 
temperature,  speed,  ski  b.ise  piciiaration.  ;ind  snow 
siirfaccconditioiis.'niefilm  tliicknesstlig.  22  idee  leased 
with  both  snow  and  tiir  teni|ieraturcs.  While  it  would  he 
speculative  to  exiKipoiate  these  values  to  lowci  tein- 
peialures,  it  seems  leasonahlc  th.it  the  tilm  thickness 
would  continue  to  increttse  with  an  tempeiatuii-,  snow 
wetness,  or  solar  rad  I  at  ton  absorption.  .Similar  measure- 
iiieiils  in  a  much  lowei  tcmper.ituic  lanue  would  pto 
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fii<iire  22.  Water  film  rhickiie.'i.'i  v.v  tcmpcratwc.'i  of  the 
jfio»'  or  air  (after  data  of  Ambach  and  Mayr  I9SI ). 


s  ide  a  great  deal  of  infonnation  about  the  tratisition  to 
dr)  sliding. 

Ambach  and  .Vlas  r  (19X1)  found  that  use  of  the 
rcconiniended  TOKO  ssax  for  their  range  of  snoss- 
lemperatuics  produced  thicker  ssatei  films  and  pie- 
sutnably  losscr  friction.  Hossever,  tlteir  tests  failed  to 
shosv  any  effect  of  ski  roughness.  While  the  results  of 
these  tests  ate  from  a  hniited  rttnge  of  eonditittns,  they 
iiddagreatdetilofcrcdibilit)  to  the  melt  ss  ater  lubrication 
theop,-  andeonfimi  some  conclusionsdrass  lift  out  thestry. 
experitnem.  or  experience,  l  or  exan  pie,  the  obscn  ;i- 
tion  that  less  nieltssater  is  generated  sshen  the  snoss  is 
colder  supports  the  use  of  eq  .'^0.  Tile  ohNcrvation  iif  the 
effect  ot  ss'uxes  on  the  thickness  of  meltsvatcr  films 
helps  quantify  thinking  about  the  use  of  svaxes.  It 
suggests,  for  example,  that  the  difference  m  film 
thickttcss  betss'ccti  TOKO  yelloss-  and  TOKO  green  ssax 
at  a  snosv  temperature  of  - 1  1  'C  ss  ould  be  abc  at  1 .5  ,tm. 
Using  s’q  21,  this  suggests  that  the  vclloss  ss’ax  svould 
increase  friction  about  user  the  green  ssax.  This 
dtffcrence  is  great  enough  to  be  obsersed  by  skiers, 
s'.'hich  explains  svhy  ss  ax  teehiiologs  h.is  es'olved  to  a 
high  level  even  svithout  detailed  measurement .  of  the 
dominant  |iiocesses.  The  green  svax  is  recommended 
for  these  conditioriN,  aiiel  the  yelloss  ssax  is  recom- 
tiicnded  lor  much  svattner  and  sveiicr  conditions. 

Contact  arcit 

1  he  concept  ot  contact  aica  in  snoss  tiibologv  mu'i 
lie  espandcei  to  include  solid  tc-sohd  contact  and  solid 
to  solid  inteoictio  i  thiough  a  liquid  budge.  It  mas  not 


be  possible  to  separate  these  tsvo  foniis  of  interaction 
since  the  liquid  bridge  is  sometimes  a  very  thin  liquid 
film  under  high  pressure  squeezed  betsveen  tsvo  asperi¬ 
ties,  even  asperities  that  svould  pass  svithout  any  contact. 
The  total  contact  area  as  seen  through  a  glass  plate 
mounted  in  a  ski  is  an  approxiimition  of  the  true  inter¬ 
action  betsveen  the  solids  since  it  gives  the  total  of  the 
contact  area  but  does  not  provide  information  about 
direct  contact  versus  interaction  through  a  liquid  film. 
In  addition,  it  is  very  unfortunate  that  these  observations 
have  not  been  made  over  a  range  of  conditions  to  find, 
for  example,  hosv  the  contact  area  changes  svith  load. 

Based  on  the  hardness  of  ice,  Bosvden  and  Tabor 
( 1964)  estimated  that  the  fractional  contact  area  svould 
be  betss'een  10  “^andd*  10”^  foriemperatures  from  just 
belosv  the  melting  tetiiperature  to  -20'C.  This  assumes 
that  the  slider  is  harder  than  ice  and  that  none  of  the  load 
is  carried  by  pressure  in  the  water  films.  These  are  upper 
limits  for  the  direct  solid-to-sohd  contact  and  svould  be 
reduced  significantly  if  the  dynamic  pressure  in  the 
svater  films  separated  the  solids.  Huzioka  (1962)  ob¬ 
served  the  contacts  directly  through  a  glass  plate  and 
fo'  ..d  a  much  hirgcr  fractional  contact  area  of 
1 .4  •  10  ".  Much  of  that  svas  due  to  the  suppoitiiig  svater 
films,  svhich  sscic  sheared  .isvay  from  the  contacts  along 
svith  some  ice  tilings.  Presumably  at  higher  speeds, 
svlierc  more  h.eat  and  meltsvatcr  are  generated,  the  ice 
filings  svould  tlisappeai  as  the  svatei  film  thickeiieil.  it  is 
not  clear  svhtit  ssould  happen  then  to  the  contact  tirea, 
anti  continuetl  measurements  such  as  lluziokti's  arc 
e.s.semial  tti  undcrsttinding  snoss  friction. 

Torgensen  (as  reported  by  Perla  tind  Glenne  19X1 ) 
found  a  contact  aica  for  nesv  snosv  of  less  than  I  '/<  that 
iiicretised  to  iieaily  XO'.i  for  ness .  melting  snow.  More 
recently  Pihkala  and  .Spring  1 19X6)  iiicasured  the  ther- 
OKil  conductivity  across  the  sliding  iiitcrftice  as  an 
indirect  measure  of  the  contact  areti  and  louiul  much 
higher  vtilues  than  had  been  previously  rept.ned.  Ptir 
dense  snosv  at  or  belosv  -.s  C,  thes  reported  eontact  areas 
til  5  to  15'/(.  and  tor  dense,  svet  snoss  they  tibscrsctl 
contact  aiCas  ot  4.S  to  lOOU,  depeiuling  on  the  1k)ukI 
sviiier  coiuent  ol  the  ^nosv.  .Ap[iateiitls  the  liquid  svater 
content  ol  the  snosv  has  a  large  eftcct  on  contact  aiea, 
but  this  aiea  may  base  to  be  ap|iortioneil  among  soiid- 
to-solid.  load-hcM!  iilg  ss  ater  til  ills,  and  capillaix  hi  i  decs. 

Slider  temperatures  and  heat  flosv 

.■Mthough  the  tenijieratuie  at  the  base  of  the  slnlei  is 
an  indirect  indication  of  the  inoccsscs.  it  is  easily 
nieasuic\l  under  a  variety  ol  conditions.  1^111101111011-, 
by  iiicMsuiiiig  the  tenipeiatnic  piolile  in  a  si  id  ei  .the  heal 
fieivv  into  the  shdei  Ciiii  be  calculalctl.  sshicli  piovuies 
inloiniation  about  the  lemoviii  ot  hc.it  fu'iii  the  arcao! 
mel.ssaici  iiroduciion.  1  ;c  technique  lor  making  these 


Fii^urc  23.  Ski  hasc  temperature  >’.v  time  far  three  nuts  at  different 
ambient  temperatures  (after  Calheck  and  Warren,  in  press). 


measurements  was  described  in  Warren  et  al.  (1989), 
and  the  results  were  summarized  m  Colbeck  and  War¬ 
ren  (in  press).  Some  more  recent  lesults  are  added  here. 
Similar  measurements  are  frequently  inade  by  tribolo- 
tti.sis. 

'1  ypicai  lesults  ot  temperature  measurements  at  the 
base  of  a  downhill  ski  are  shown  in  Figure  2.');  it  can  be 
.seen  that  there  is  a  sudden  increase  in  temperature  at  the 
onset  of  motion  and  tha:  the  temperature  reaches  a 
plateau  if  given  suificicnt  time.  Tins  steady-state  tem¬ 
perature  is  determined  by  the  balance  of  heat  produc¬ 
tion.  heat  flow,  melting,  and  removal  of  meltwater  from 
the  interfac  The  tempemturc  rise  decreases  with  in¬ 
creasing  ambient  temperature  but  increases  with  in¬ 
creasing  load  and  speed.  The  temperatures  in  a  transverse 
profile  across  the  base  of  the  ski  respond  c|uickly  to 
pressure  changes  while  turning,  and  tei.ifieratures  are  a 
good  measure  of  the  weight  distribution  bodi  across  and 
along  a  ski,  Tlicy  show,  fore.Ntimple  that  skier  pressure 
increases  from  the  inside  to  the  outside  of  a  ski  even 
when  the  skier  perceives  the  weight  to  be  evenly  distrib¬ 
uted.  On  a  hard  snow  surface  most  of  the  weight  is 
carried  under  the  skier,  but  when  skiing  in  soft  snow  the 
W'cight  is  more  evenly  distributed,  as  indie.ited  by  a 
continuous  increase  of  lem|ierature  from  the  trout  to  the 
back  of  the  ski. 

Heat  irroduciion  by  trietion  is  load  x  speed  x  the 
coelfieient  of  friction.  Colbeck  and  Warren  (in  press) 
showed  that  the  tem[ieratuie  rise  ea  the  base  of  a  ski 
mereascs  with  speed  and  load,  and  thus  it  is  reasonable 
to  assume  that  the  temperature  rise  increases  with  the 
cocitieient  of  friction  as  well.  Aeconlingly,  I  inier|iret 
the  lemjierature  rise  at  the  base  ol  the  ski  lo  be  a  good 


indicator  of  the  friction  on  the  ski,  a  result  that  is  clearly 
shown  in  Figure  24.  Wood  skis  are  known  to  have  a 
liigher  level  of  friction  than  P.T.F'.F.  (Bowden  19.55) 
but.  as  is  shown  in  Figure  24,  well-waxed  wood  runs  a' 
a  much  lower  temperature  than  unw  axed  w  ood.  Presum¬ 
ably  the  iinwaxcd  side  gene. -ates  more  melt  watei  througli 
frictional  heat  dissipation,  but  the  waxed  side  uses  melt- 
watcrinorcefficiently.  We  wall  return  tothis  issue  in  the 
next  chapter  when  we  look  at  the  total  energy  balanee. 

Skis  arc  generally  constructed  of  different  materials 
with  markcniy  different  theniial  responses.  The  rate  of 
heat  flow  into  a  ski  is  an  important  aspect  of  snow 
friction  since,  as  has  been  showai  earlier  (e.g.  Bowden 
and  Hughes  Ib.'lb).  friction  increases  when  the  shder  is 
more  conductive  and  e;in  remove  mc-e  heat  fiom  the 
interface.  Some  idea  of  the  heai  tlow-  patterns  e;in  be 
derived  from  the  temperature  response  .it  three  levels  in 
a  Rossignol  DH  ski  (Fig.  25).  This  ty[ie  of  thennal 
response  was  simul.ited  in  a  numerictil  model  by  Colbeck 
and  Warren  (m  press)  for  various  positions  along  the 
bottom  of  the  L)H  ski,  and  some  results  are  shown  in 
Figure  26.  For  four  transverse  positions  from  the  steel 
edge  in  Figure  26a  to  the  eenterlme  of  the  ski  m  Figure 
26d.  the  heat  flux  for  four  difterent  material  eomposi 
tions  can  tie  seen.  Figure  26a  shows  that  the  sieel  edge 
(cases  1  and  4)  dominates  the  beat  llux  3  mm  from  the 
edge  and  that  tlie  heat  llux  is  significantly  reduced  w  hen 
the  steel  is  replaced  by  ;i  ceramic  edge  (eases  2  ,ind  3). 
F'lguies  26b  and  26e  show  that  the  heat  Huxes  at  1 0  mm 
.ind  25  mm  ironi  the  eiige  are  ledueed  if  the  steel  eilge 
is  ie|ilaeed  by  a  eeramie  edg.e  ,uul/or  if  the  aluminum 
plate  aeioss  the  botiom  of  the  ski  js  replaced  by  a 
polymer  (eases  2,  and  4).  Iigme  26d  shows  that,  at  the 
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FiiiUl  C  24.  Ski  Ihj.-iC  icinperiitiii  c  vs  tinicjin  u  win nJ ski ! licit 
ii'i/.v  onc-hcdf  w-ixcJ  and  oiw-hcdj  hare  waod  ulonp  its 
Icni^th. 


centerline  of  the  ski.  tlie  tii  jirinuni  plate  doniinatcs  tlie 
heat  tlux  fctises  1  uikI  2)  and  that  the  steel  edjee  has  a 
significant  effect  too  when  it  is  combined  with  the 
aluminum  plate  ;easc  1).  With  a  large  aluminum  plate 
running  ticross  the  base  of  a  ski  with  steel  edges,  the  heat 
available  tor  melting  at  the  base  in  the  center  section  of 
the  ski  is  reduced  by  about  .“iOvf. 


Although  ineompletc.  the  variety  of  friction  and 
other  measurements  reviewed  here  shows  both  the 
scope  of  the  infonnation  th.ii  is  available  and  the  nature 
of  the  infonnation  tliat  sltould  be  generitted  about  snow 
trietioii.  When  combined  w-ith  current  iiietis  about  the 
processes,  some  useful  .ipproaehes  to  achieving  low- 
friction  are  apparent. 
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2().  Computi'il  hem  jlu.\  v.v  !ii}h-  Joi  Jour  fri//isvc/  sc  f)osiHo/i.\  inul  Jour  ihlfi't  c'li  nhuci  ui> 
ronfipitroiions  in  n  simnhncJ  PI!  \ki  for  an  amhienr  renipri  i  fia  c  of  -5^'C  and  SjjrctI  of  i S  /ji  s.  t/ )  d  nun 
H  ()fn  [ifc  rd'p'.  io  / (/  nun  n  on)  die  ed^e.  i  }  25  ni/n  frotn  iiu  eo'^e.  ami  d  f  on  due  eeoo  >  ion  .  e .  no/i  //  o/n 
file 


VI.  TKIC: nON  AD.ILS  IMKM  S 

Til  licsiyii  ;i  :.lliicr  with  tile  optinuiili  iVictiuii  lot  a 
yivcii  .soiol'cDiulititinsiiKiM)  ihiiuts  nui'.t  he  known.  The 
pioees.ses  of  ptreatest  interest  oeetir  at  the  sliilme  inter- 
fae-e,  htit  ilicre  arc  niatiy  Iticiors  that  tillect  those  pro 
eesses.  These  shder  proiieilies  tire  iinporttmt: 

•  l.otiil  ihstribtnmn 

•  Sui  taee  i  lUiehness 

•  .Siirlaee  hyilro|ilioliieiiy 

•  lilastie  and  [ilastie  eharaeiei  isties  ul  ilie 

siirlaee  la\ei 

•  .-Xdliesiveiies:.  to  lee 

•  .Sui  taee  eonlaniiiialion 

•  lileeltieal  and  llierinal  eondtielu  it> 

•  Color 

riiese  snow  pioperiies  aie  Miipoitaiil: 

•  '1  eiiiperaiure 

•  1  laidiiess 

•  Heariii”  .siieneih 

•  Wetness 

•  Ciiaiii  si/e 


•  Polish 

•  Sill  face  eoiiuiniiiialion 

•  Depth 

Tiie  lollouiny  pioeessi's  aie  also  iinpoiiani: 

•  ke  mehine 

•  Ileal  now  into  the  shder 
'  Heat  How  into  iee  eiaiiis 

•  Shetir  of  melt  water  liliiis 

•  l-daslie  aiid/oi  plastic  deloi nia'ion  ot  solids 

•  Ciipilhii)  hiulcine 

•  .Sol, 11  lailialion  ahsoipiion 

•  Coohiit!  ot  the  shdei 

•  Drtij:  h)  ihii 

•  lileelrieal  ehaiL'iiie 

•  Solid  to  solid  adliesioii 

CiiveiithedilTieultN  ol  eontrohhic  oi  even  nietisiii  me 
.ill  ot  these  piopeities.  it  is  li.iul  to  desien  \sell-e'.)n 
iiolled  e.xpeiiiiieiits  to  tiiul  the  ellcel  ol  an',  eiveii 
ptiitiineler.  Sliiinbo’s  tin7D  results  are  piob.ihls  the 
best  evainple  ol  uilornialive  e.vpei iiiieiil.il  lesiills.  but 
not  all  I't  the  e.xpei  iiiieni.il  eonditioiis  w  ere  lepoi  ted.  In 


tliiN  clia|iici  cMsIii)!'.  oxpci  iniL'iilal  aikl  I’OTKOpliial  rc- 
siilis  aio  disL  iixscil  will)  lliL-  ami  ol  axliicving  the  knvcsl 
Iriciioii  allowed  by  the  eoiRliiioiix. 

Interfacial  temperature 

Whde  waxes  are  usuall>-  applied  aeeoidiiig  to  air 
temperaiiire  and  snow  eonditions.  the  wax  actually 
woiks  at  the  sliding  interlace,  whore  temperature  is 
;itieetei.i  b>  ;i  btihinee  among  he;it  jiroduction.  heat  loss, 
and  latent  heat  use.  The  interfaeial  temperature  can  be 
eonsideiably  greater  than  the  air  temperature  and  thus 
some  knowledge  of  the  actual  slidingtein|ieraturev  luild 
liel  ji  choose  the  proper  wax  aiui/or  sin  face  stmetuie  lor 
the  prevailing  eonditions.  The  ditlerenees  between 
ambient  and  sliding  temperatures  are  especially  iinpor 
tain  since  the  temperature,  on  the  absolute  scale,  is 
...siially  elo.se  to  the  melting  temperature  of  ice.  a.  I  the 
propenies  of  ice  change  rapidly  in  that  temperature 
range  even  if  the  propenies  ol  the  slider  do  not. 

Assuming  that  conditions  are  the  same  all  over  the 
slider's  base,  the  total  energy  b  dance  from  eqs  27  and 
2'J  is 

IV'im  -i  u7(.l  -  (x)A’  =  p.ljiKrIi  + 

s  ..  /  f>t) 

u7  (/^i  ^  llKl'k,  I  .,11 

I  lie  lust  term  m  this  equation  reinesenis  heat  produc¬ 
tion  by  I  rietion,  the  second  tenn  represents  heat  piodue- 
tion  by  solar  radiation  absorjition,  the  third  tenn  lepie- 
sentsheat  loss  due  to  mel'ing.  the  founh  tenn  represents 
heat  loss  by  heat  tlow  into  the  slider,  ;ind  the  tifth  tenn 
re|irese'its  he.it  loss  Ii)'  heat  1  low  into  the  lee.  l-lxeept  lor 
the  thiid  tenn,  each  is  es  ahiated  individuall) . 

l-r  n  iiiiNiil  liciii 

If  the  slidei  eai '  les  a  weight  ot  UK)  N  .it  a  speed  ol  It) 
in/s  with  .1  eoelTieient  ot  trietion  ol  0.0.^,  the  liietion 
pioduees  he. it  ai  the  rate  of  1  20  w.itls.  Tliiis,  .is  a  rule  ol 
iliiimb.  a  downhill  racer  lypie.illy  gener.ites  as  imieh 
heat  under  each  ski  .is  a  200  or  ,r00  \V  light  bulb. 

Sului  lll'cll 

Taking  a  slider  .irea  ol  0.16  in-  with  a  sol.ir  tlii.x  ol 
oneh.ilfthesol.il  const. int  reaching  the  base  of  the  slider 
by  diffusion  froir.  the  underlying  snow  .the  he.it  prodiie- 
iioii  i.ite  Is  112  \V  'he  base  it  the  al’iiedo  is  0.  i-oi  a 
w  hile  base  this  v.ih  would  be  .in  order  ol  in.ignitude 
less  th.m  hn  .i  bl.iek  base,  so  the  color  ot  .i  shdei  is 
ele.irly  \erv  important.  When  the  slider  is  bl.ick  and  is 
reeen  ing  mteiise  sol.u  ladiation.  it  c.m  absorb  nearly  as 
iiuieh  heat  at  the  base  .is  it  pioduees  by  liietion  and, 
w  hen  the  he.ii  absoiplion  at  the  siiies  ,md  lop aie consul 
ered,  the  tot.il  sol.ii  ladi.ition  etteci  could  contiol  the 


heat  b.ilance  ol  llie  sluler.  Th.s  e.iii  cleaily  be  sesii  in 
l  igure  27,  w  heie  the  ski  cools  i.ither  than  warms  at  the 
siait  ol  a  dow  nhill  run  because  it  had  been  heated  by  the 
sun.  Then  when  motion  siojis.  the  ski  lieais  laiher  th.in 
cools,  as  was  lound  m  situations  wiiere  sunshine  w  as  not 
a  factor  (e  g.  l-  igs.  2.^  and  24).  In  t  act,  the  base  of  the  ski 
was  healed  to  .ibo\e  the  nielimg  temperature  although 
theair  lem|ieralure  was  -y''C.  In  this  situation  it  is  cle.u 
that  the  entire  ski  would  be  heateil  sufficiently  to  con¬ 
duct  a  significant  amount  of  heat  to  the  b.tse  wlien  it 
staned  to  move  r.gam.  An  all-w  ood  ski  of  area  O.Hi  m- 
and  thickness  20  mm  w  ould  stoi  e  enough  energy  to  melt 
about  .SdOO  mm  'ol  water  per  deg;ree  of  tern  per. mire  rise 
above  O'C  if  the  heat  could  be  comiileiely  recovered. 
Allluunrh  heat  is  used  very  inefficiently,  .is  shown  by 
Pf.il/ner  ( 1947).  little  meltwatei  is  needed  to  lubrieate 
the  ski.  I'urihemiore.  a  wami  ski  woiikl  greatly  affect 
friction  in  the  early  jrait  of  a  ski  run.  as  is  suggested  by 
the  high  ski  tcmiperatures  shown  m  l-'igure  27.  After  the 
start  of  motion,  the  ski  base  cools  foi  about  100  s  before 
reaching  a  plateau  that  iisell  is  considerably  higherthan 
would  be  e.xpecieti  m  the  absence  of  radi.ition  absoqi- 
tiivn.  In  I'lg.iiie  24  the  vv.ixed  temperature  iilate.iu  is 
ne.irly  .‘v''C cordei  than  the  hot  wax  pi.ite.iu  in  biimre  27. 
.ihhoiigh  the  conditions  ot  the  two  tests  were  simil.ii 
excejii  lor  the  intense  solai  input  occuiring  during  the 
later  test. 

Ccii'.lNi  hull  itiiii  ilii'  sliilci 

lle.it  Oow  through  the  slider  is  .i  very  impoilanl 
eonsidera’  ..'i  since  it  can  v.iiy  over  .i  wide  rtmge.  boi 
the  w  ikhI  ski  desci  iberl  .ibov  e.  the  steady-stale  heat  How 
through  the  ski  would  be  about  I  ..'45/'  W,  wheie  57'  is 
thetempei.ituieililfeienceih  i  \  mg  the  heat  loss  born  the 
ski.  In  this  c.ise  the  he. it  Oow  w  ould  be  sm.ill  compareil 
with  the  he.it  generated  bv  liietion;  except  in  its  nan- 
sient  ph.ise,  the  he.  t  Dow  into  or  out  of  a  wood  ski  is 
neglig.ible.  l  or  .in  .ill-alummum  ski  ot  tbe  s.iine  dmien 
sioiis,  howevei.  the  sle.i'.ly -stale  he.it  How  would  be 
16l)()57  W,  which  IS  very  significant  since  ii  would 
consume  iik'si  oi  all  of  the  he.it  ]iioduciioii  by  fnction 
for  common  v.iliies  of  5/.  .Since  skis  ,ue  norm.illv  a 
comphc.ileil  imxliue  ol  m.ilei  nils,  (  ol beck  and  Wai  leii 
tin  press)  studied  the  heat  flow  |i.iiieins  w  ilh  a  numei  i- 
c.il  model;  sonic  of  the  results  ,iie  shown  in  liguie  26. 

While  the  .^leady  -stale  ies|ionse  ol  .i  wood  or  pl.istie 
ski  Is  not  very  im|'on.ini  m  the  over.ill  eneigy  b.il.ince. 
theii  transient  lesponses  c.m  be.  In  biguie  2S  the  teni 
pel, lime  i  ise  v'  height  is  shown  loi  tliiee  times  dm  mg 
the  tiansient  ph.ise  ol  he.ilmg.  in  the  HI  I  ski;  simil.ii 
piotiles  weie  obl.imed  lioiii  .in  .ill  pl.istic  ski  iColbeck 
aiul  'N'aireii.  in  piess)  The  lenq'eraluie  gi.idienis  ol> 
servcil  111  these  skis  show  ih.ii  the  lie.it  tlow  dmmg.  die 
inili.il  peiiod  ol  iiuniop  would  be  simil.ii  to  the  i.ite  ot 


GO  100  300  420  O-'.O 

1  imG  (s) 


I-  iyiii  i'  2/  Ski  htisc  tcniiH'iiiiiircv  itiiiu’  willuiiuiii  tciiipvi  Litw  c oj  -9 'C  hiil srinii}: 
stiiiW  I'liilluttail  iih^tii'ptliiil .  7  hi  thj/tiM'  heating  ta  the  \kt  Intsc  h\  the .%/(//  ( c/u.'t  .va  ect  v 
Uii  i^i  lixr  I'l  the  .\ki  li  iiipi'i iiltii  f  Ml  ihiit  the  .\ki  (  iutls  iiilhci  than  niiniis  ,il  ihr  stiit  l  o/ 
imtriiiii.  One  side  iif  the  leii^tJi  iij  the  ski  ir</v  »  ii.\eil  with  n  lii/iiiil  ir<;i  mtd  the  iHher  side 
with  (I  hot  Wits. The  sale  wnh  ihehitiwus  reiteheihi  hiwei'ietiiiieiiitiiiephiti'iiii  evi'ii  ihine^h 
duilsiile  ot  the  ski  hiut  <;  pusilive  hiiis.piiihiihly  heeiitise  thut  side  iij  the  ski  wits  fit  iiiy  the 
sun. 


heat  production  by  tViction.  tints  greatly  ictluciiii;  titc 
energy  avtiilable  to  generate  nieltw;iter.  I-'or  a  step 
clningo  in  temperature  on  tlie  base  ot  a  slitter,  the  lieat 
tlow  into  the  ski  at  the  base  wtniltl  tieeretise  with  time 
ticcoitling  to 

=  Co) 

I'Orti  polyethyleneslulerol'0. 16  in-  ;i  tea,  this  si  tows  i|;at 
heat  How  woulti  etjual  735/'  W  .itier  I  s  ot  heating  and 
wtnild  ilrop  rapitlly  therealter.  This  accounts  Itir  the 
r.ipiti  I  isos  intempei  atiire  show  n  in  I  'igures  S,  23. 24. 26. 
and  2S,  since  the  he. it  loss  into  the  ski  woukt  l  all  rapitlly 
w  ith  time,  t  tn  an  all  'vootl  ski  the  heat  tlow  would  be 
iibtnii  one-halt  ot  that  value,  depending  on  the  type  of 
wood  anti  the  orient.ition  of  the  wood  gr.iin.  In  either 
case,  the  heat  lltnv  intt)  the:  e  slitlers  is  only  imptiriani 
tiuring  the  transient  phase  of  he.iting. 

Coiuliu  lunt  illln  h  i’ 

Only  transient  heat  Hows  into  the  ice  because  the 
slider  passes  over  an  ice  particle  in  a  time  peritid  st\  l/it. 
11  the  ice  Ita-  vies  iinmetliaiely  rise  to  the  melting 
tempeiatuie  ami  stay  at  that  tempci.iture  until  the  slider 
liasses.  mtegraimg  ei|  2S  over  the  time  period  hti  gives 


the  average  heat  tlow  into  the  ice  grains  during  the 
passage  of  the  slirler  as  given  by  ei|  29.  While  the  heat 
•lii.v  is  high  because  the  ice  grains  .ire  only  in  a  rapid 
iransieiu  mode  for  a  short  period  ol  time,  the  contact 
area  of  the  ice  I'articles  is.i  small  percentage  of  the  tot.il 


Temperature  Flisc  (  C) 


Ttytit  e  2S  Teiiipei  (Hill  e  i  isr  \  v  lieiyhi  ,ii  dijjei  enr  nines 
ft  1)111  the  piiiples  sill  Dell  in  I  lyine  2.s 


arc;i  dl  il'.o  siidcr  :iiui  tlii--  imis!  be  l  i'  mHh  comskIci  - 
.I’lon.  I  or  ;i  nIuIci of  2  Ml  leiiylh  iiu). .  >il  1 1)  m/'- illi 
a  tiaeiioiial  eontaei  aicaol  I'^i  with  the  ice  panitlc-.oi 
liicii  liqiiKi  tilnis.  Ihc  averaec  lic.it  r.ow  into  ihc  icc 
would  be  S.-^b/  \\  .  T  Ills  IS  ^1  ealei  d .aii  the  sieatb  -stale 
heat  loss  into  ,i  i.iod  slider  be'  is  s;i||  a  siiiaii  ritietionol 
the  beat  that  would  be  j^ieneratcd  li\  the  slitiei  iiiuler 
those  conditions.  Thus  while  heat  How  into  the  ice 
cannot  be  ienoied,  it  is  not  ;i  major  tenii  m  the  eneiey 
balance  as  lone  as  liie  conltici  area  is  not  iiuich  more  than 

r; 

Sidnuuii  \  nj  iiiiciJcH  uii  icmpcnilwc 

It  is  elea'  110111  tbe  discussion  above  that  there  are 
ceitain  things  in  the  design  ol  a  slider  tliai  shoiikl  be 
done  to  make  it  beltei  suited  to  it'  intendeil  use.  I  t.'i 
example.  IneiiK  conductive  sliders  are  not  weH-siiiied 
tor  Use  at  low  temperatures  because  ihes  leiiiove  heat 
1 1 0111  the  interlace,  w  Inch  reduces  iiieitw  ater  prottuclion 
and.  ill  ihe  extreme,  leduces  the  temperaluic  at  xshich 
the  solids  iiiiisl  deloim.  IBecause  ice  rap. ills  becomes 
less  deloniKihie  ;is  the  teiii[ierature  uioiis.  any  detoi  ina- 
iiontiecessarv  loaccoiiimodaie the p.issatreol  asperiiies 
would  he  iiioie  dilliciilt  it  the  mteilace  lempci.iliiie 
rlecieaserl.  In  addition.  1:  is  xeis  cleai  bom  the  slider 
lempei.ituie  measuicments  shown  in  l  ieuie  27  that  a 
siidei  1  .ise  c.in  be  ehiecliv  healeil  iw  mcoiiiiiie  soiai 
radiation  lh.it  peneli.iles  the  snow  and  dill  uses  up  to  the 
base  ol  the  slidei .  I  )ueel  null  at  1011  abso  jC  him  on  till,  lop 
and  sides  is  aiso  im;ion.ini  since  the  eeiic.  w  inline  ol 
the  slidei  would  alleel  liiciion  once  the  slidei  stalled  to 
mo\  e. 

I  he  iheimal  piojiei  lies,  not  just  Ihe  mechtiiiical  jiiop- 
eilies.  ol  the  slidei  .iie  impoit.int.  I-Aeii  its  coloi  eail 
alieci  Its  |:ei ioim.ince.  especially  when  tiieie  is  eitiiei 
too  iniieh  01  too  hilie  mehwalci  as  .iil.iliie.  .Ailhoiiijh 
lliese  ideas  lemain  to  he  tested  m  well  eonliolied  e\- 
|iei  iiiienis.  the  aieuiiienis  .rul  teiiipei.iiuie  iiie.isuie- 
menis  uiveii  heie  .lionei)  sueeesi  iImI  shdei  s  should  be 
noncondtielo  e  .ind  ilaik  at  low  lempeiaiures  wlieie  it  is 
impoii.int  to  lelam  ,is  miicli  beat  and  piodtice  as  mueli 
meilw.iiei  .is  iiossibie.  Ilowexei.  .it  hipli  icmpei.iluies. 
wheie  loo  niucli  walei  .ippe.iis  to  slow  the  shdei.  they 
slioidd  he  V.  lute  to  1 1  111  III  ii  i/e  sol.ir  radial  ion  absui  pi  loll. 
L  n'oiUin.itclx .  til',  hi.ick  h.r  es  m  skis  heme  piodueerl 
todax  .I'e  iisu.ilK  sollei  ih.mihe  w  lute  h.ises  bee. iiise  ol 
Ihe  Use  o|  (.aiiioii  oi  ei.ijiliile.  1  Ini'  the  (.l.iikei  h.ises  in 
the  v  III  I  Cl II  eeneniiioii  1  n  skis  ai  e  iioi  nceessai  il\  suited 
|o!  use  .It  |o.x  Icmjiei .iliiK’s. 

.Surlaee  rourthness  and  waxiiie. 

.Some  lime  .ipo  il  was  siiep.sled  ih.il  the  shome 
sill  I.  ice  sill  HI  Id  i  le  1  ou  eh  w  hen  loo  mils  h  w.uci  pi  od  need 
d;  .le  am  I  si  111  1;  nil  V.  I  leii  lillic  meh  w  alei  w  .1 .  .ivail.ibk’  .-X 


\aiielx  ol  palieiiis  c.in  I'.e  impi  lilted  on  or  eioiiiul  into 
Ihe  boltoiii  ol  a  shdei.  .ind  lhc\  sliouki  htixc  sexertil 
mipoiiaul  ehaiaclei  isiies.  d  iie  simpiesi  eoneepi  is  o! 
toughness,  hut  ih.ei:  eeomelix  can  vaix  loneiitidmallx 
alone  and  aeioss  the  skder  to  sun  dilleienl  pui|ioses. 
■'Hinders  .:rc  coinnioiiix  iiserl  to  cutit  su: laces  sub- 
lecied  to  tiiciion.il  x'.ear.  ami  these  eeiiei.ilix  adhere 
better  it  the  sin  laces  are  slieliiK  rouehened;  m  the  case 
ol  metals,  a  rouehness  ot  about  0.7  um  is  best  i.C  htuss 
1 072r.  Oleaiiiide  and  siearaniiile  are  know  it  to  lubi  icate 
poi'  cilixleiie  and  can  be  ntcoi|ioiatcel  in  liie  bulk  ol  the 
pol .  mer.  w  beie  ibex  dilluse  to  the  sin  t.iee  to  piox  irle  an 
elleclixe  lubiicaline  hixei  tColien  aiui  'I  aboi  I  VbO). 

1  he  liieoi  \  ot  elastohx  drodx  namics  shoxx  s  tii.il  jiias- 
tic  detomiaiion  of  the  slider  can  be  .ooidcd  if  the 
rouehness  elements  aie  \x ell-iounded.  so  ;il  loxx  tcni- 
peraiuies  the  slider  should  be  pre|i.iiei.l  r-  nil  as  smooth 
a  runnme  surhiee  ;is  ]iossiliie.  In  tins  sii.iaiion.  roueh- 
iiess  xxith  a  iraiisxeise  oiier.talion  lends  to  increase  tlie 
ihickiicss  of  the  xxater  film,  and  rouehness  elements 
w  nil  a  kineiiudiiiai  01  le  lit  at  ion  shoaki  lie  a  vo  tiled.  More 
i|uaMiiUiii\e  suneineiits  could  be  made  alter  use  ot  the 
ekislohxdiodxnamic  models,  but  to;  noxx’.  Siiiinbo’s 
1 1  h7 1 )  icsulls slioxMi  in  I  leure  2o  aic  the  only  quantila- 
ti\e  lesulls available,  and  iliex  do  not  include  louyhness 
01  leiilation  or  even  uniyhness  re  nilis  from  the  ranee  of 
liiosi  luiciesi.  Cleailx  luiieli  icscaicli  can  lu  done  to 
pioside  mioimaiion  .iliotil  slider  louitiiiiess. 

Hiikleis  aie  eoinmonlx  useil  to  leduce  fnciion  and 
we.n.  and  ski  w.ixes  ate  |ust  one  example  ol  tliem.  In 
eenerai.  ibex  ate  applied  in  thicknesses  of  I  tod  it m  and 
consist  ol  organic  icsiits  such  as  phenohes  and  ep.o.xies 
01  sometimes  silicones  01  alkxds  iC'lauss  1972).  l  or 
applie.iiion  on  metals.  ihe\  ate  baked  onto  the  sui  lace  at 
tempc'atuies  up  to  200  C  and  take  lioni  1.7  n  n  to 
sei  eia!  lion  is  to  elite  I  iiex  pioiliice  .1  iiuue  iimloi  meoal 
w  hen  the  subsi  1  ate  is  slow  lx  healed  up  to  leiiipei  .nine, 
.ihhoueh  .111  -di  \  me  \  emu  ms  ot  iimiki  s  .11  c  .iKo  ax  ail 
■ibic.  I  lowcxei .  .IS  w  nil  ski  XX  .ixes.  these  \  ei  sums  .lie  less 
dui.ibie  and  do  not  pioducc  the  xxulc  i.iiiee  ot  ilesiieii 
elfeels.  Ihe  liiehei  tempeiaune  jil.iie.iu  ol  the  lu|md 
wax  as  eoiiipaixul  xxiih  the  wax  applied  at  a  liieh  leiii- 
pei.ituie  ( I  le.  27 .  IS  ,m  ex.imple  ol  this.  1  I  esuiiiabix .  the 
ski  wiiii  the  hot  x'.ax  le.iciies  a  coolei  jilale.iu  1 1  le  27  1 
hecauscol  loxxci  li  iclion. j.isi  ,is xx .0  sluux  a  m  I  leiiic  24 
I'.i  aii  uirwaxeil  x  s  ,1  xxaxed  wood  ski 

.ixes  .lie  .ippheil  to  skis  tm  sexei.il  1  e.isi uis.  and 
dilleienl  waxes  lia.xe  miieii  dilleienl  elleeis  on  siiow 
liielion  I  Bowileii  and  I  aboi  lOfili,  W  .ixes  .iie  inoic 
Inyhix  dexeioped  toil.ix  so  mme  snhtle  xanalions  aie 
like  lx  to  oeciii  e  0111  paled  xx  nil  those  shoxx  n  |ix  Hoxxden 
.iml  I  .iho:  '|o  be  most  elleelixe.  'he  xx.ix  must  not 
inleileie  with  the  ilesiied.  iiil.ici  loneliness  ol  the 
siiiiei .  w  Ills  1 1  sue.eests  lli.n  w  ,ix  ,'.ppl  k  .ilu>iis  sbnild  be 


ver}  lliir, — too  thin  to  sec.  If  well-bonded  to  the  base  of 
the  slider,  the  wa.x  should  he  effective  in  alteriii”  the 
h\drophobicit>  and  hardness  of  the  slider  without 
changiiiL;  the  roughness.  Shiinbo  tl97l  i  .^howed  that, 
for  most  w  a.xes  testerl.  the  thickness  of  the  wax  did  not 
affect  the  Iriction,  ahhouyh  the  rouehness  of  the  slider 
was  not  reponed.  .-\s  reproduced  in  l  icure  21 .  .Shiinbo 
(.lid  slurw  that  the  hardness  of  Ih.e  w  ax  h.is  a  iarec  effect 
on  friction,  especuillx'  tit  lower  teniperaturcs  where  ice 
hardens  much  n.ore  ra.pidlx  than  waxes.  .At  these  tem- 
pertiturcs.  the  wti.x  must  be  hard  enough  to  withstand 
plasuc  defonnation  as  indicated  by  the  Plasticitx  Index. 
'I'lie  wax  should  always  he  htirder  than  the  ice.  which 
ma\  be  the  mtiin  tidvantage  of  modern  waxes. 

T  emperature  .and  pressure  are  know  n  tovaiyovei  the 
length  and  width  of  the  sliders,  so  optimum  use  cf 
surface  roughening  a.nd  waxing  should  take  this  into 
consideration.  .At  the  speed  of  snow  skis  the  length  of 
the  dty  area  at  the  front  of  the  ski  is  likelx  to  be  cjuiie 
small  if  the  load  is  evetilx  distributed,  but  would  be 
somewhat  longer  in  most  actual  situations,  l-'or  ex¬ 
ample.  with  a  Rossigiiol  Dll  ski  on  a  haid  surlace. 
Colbeck  and  W'tirren  tin  press)  found  that  most  of  tiie 
’etititig  was  oti  the  inside  underneath  the  center  section 
ot  the  ski.  The  lempertilures  were  less  at  the  trout,  rear, 
and  outside  of  the  ski.  so  tiio  .e  tireas  should  be  waxed 
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beneath  the  skier.  .-Mthough  I’fal/ner  (1947)  showed 
th;it  the  jirocess  is  vety  inetricieii'..  if  heat  is  added  to;i 
slider  it  should  be  done  in  the  coldest  tiretis  wlicic  it 
xsould  be  ttiosi  effectne. 

.‘‘lider  surface  material 

1  he  surface  mateiiai  ol  ;i  slider  need  only  be  a 
ft  act  ion  of  Its  total  thickness  Inn  it  ctin  havc.i  large  eff  ect 
on  how  the  slider  perlonns.  The  surface  laxei  of  most 
skis  IS  about  a  I  -  mm -'hick  laxet  ol  pol_\  ethx  lene,  which 
has  seveial  distinct  .ah  antages  o\  er  most  othei  materi¬ 
als,  Most  plastics  tend  to  be  self  lubncattiig  and  tlieie- 
fore  ha\e  hiw  friction.  .-Ml  have  low  themial  conductis- 
it;. .  whicii  IS  ,1  disadvant.ige  in  mosi  h  iclional  a|iphc,i- 
tioiis  but  an  advant.ige  w  iih  snow  ,  l.'nfortuiiately .  llieii 
electrical  conducto  ily  is  also  latliei  low  .  '.i  jlicx  do  not 
dissijiate  electiic.ii  charges  rcxidil)  and  thus  mas  .ittracl 
dirt  ji.irlicles.  NKw:  phislics  have  the  im|;oitaiil  .idvaii 
tage  ot  .ihsoihiin;  vihiatuur  well  because  ot  then  higti 
el.isiicitx .  ami  si.im,-  h.ixe  high  mijiact  icsisiance  as  well 
(Clauss  1972).  While  nuoioeaiboiis  h.i\ e  low  tiiclion. 
they  rio  not  have  ,i  high  lesistancc  to  |uasiie  delorm.i 
tion.  and  thusTelloii  has  not  beef,  w  idei>  u-  ed  oiisIrIcis 
on  Miow.  High  iiii.leculai  weight  .,2  to  .“i  tiiilhon)  pol>- 
ctliylenc,  bower  ei.  docs  have  outst. Hiding  .ibi.tsion.h 
resistance  atui  l.ix  (liable  elastic  piopeilies  .ind  e  w  ideK 
used  toi  skis.  .Some  m.inulactuieis  \ais  the  moh;cul.ii 


w-eight  to  achiewe  better  characteristies  in  different 
temperature  ranges  whete  ditferent  processes  carntrol 
the  friction,  although  this  effect  of  tiioleeular  weight  is 
controversial.  Bases  are  arailable  in  sintered  fortn  atid 
thus  waxes  can  he  ret. lined  in  the  pores.  In  general,  the 
higher  molecular  weight  pol>  eth>  lenes  are  used  at 
lower  temperatures  w  here  higher  impact  resi-  t.ince  and 
better  wear  ch.iraeteris'.ics  are  important  (Clauss  1972). 
Will)  t!ie  long-cluiin  polxtners  used  for  skis,  the  mol¬ 
ecules  can  bedrtiw  n  out  in  the  direction  of  motion  so  that 
the  sliding  actualiv  occurs  on  oriented  sui  face's  on  the 
molecular  scale  '  i  abor  1974;. 

MI.  SLMMAR^ 

■Although  there  has  been  a  long  history  of  intciest  m 
and  study  of  snow  friction,  as  in  oih'tr  areas  of  tribologx . 
the  basic  processes  b>  which  sliders  mo\e  oxer  snow 
a.re  subjects  of  conjecture.  Snoxx  surfaces  should  be 
ohsei"xed  tx>  ciiaiaeteri/e  tlie  roughness  elctnetits  oxer 
which  .1  slider  must  m  ve.  Thi'  xx  ill  help  .n  undcrstaiKl- 
mg  hoxx  the  basic  piocesscs  iliffci  xxuh  the  tx|ie  of 
suihice.  Obsc'i  X  .iiions  ot  snov.  giains,  such  as  those  m 
I'lgutes  I  and  2.  .ire  a  start  in  gathering  tins  kind  of 
iiifoiiiiation.  bat  oihei  ex  idcnce  is  als(i  needed,  espe- 

ci.iilx  obsci ' .liioiis  die  ch.iiiges  iii.ii  occui  in  iicsii 
sr.oxx  grains  during  a  seijucnce  ot  passes.  Intotmation 
about  thedcvelopmeni  ('f  toughness  ptotilesun  bot.h  the 
snoxx  and  slider  sutlaces  xxi^uld  help  us  undetstaiid  the 
scales  .It  xxhieh  the  picx.iihtig  processes  occui.  While 
some  obsei'x  aiions  of  the  contact  atea  luix  c  been  made, 
maiix  more  aie  tieeded  ox  ei  a  xx  ide  t  .iiigc  ot  conditions. 
It  Is  tilsu  necessary  to  lefnic  this  measuicment  to  dis- 
imguisli  betxvccn  solid  lo-sohd  contacts  and  ci'i’tacts 
with  meltxx  ,itcT  f  ilms.  1 1  possible,  i!  XX  oLild  also  be  x  ci  x 
usc'tu!  to  kiioxx  it  c.ipill.iiy  bonds,  such  as  the  one  shoxx  n 
II.  I  iguie  4.  exist  on  snoxx  sui  t.ices  .uid.  it  so.  xx  hat  their 
coninbulion  is  to  the  di.ig. 

It  h.is  long  been  assumed  that  the  di.ig  on  ,i  s'.idei  on 
snoxx  coiisi  ts  ot  .1  mix'.uic  ot  coiiipoiients  tii.n  .uisc 
tiom  diltciciit  meehaiiisiiis  opci.itmg  smuiltaiieo’.isix . 
It  the  siixxx  densitx  IS  loo  loxx  to  sti|)po;t  the  i.ipid 
applictit  on  x'l  stic'ss  bx  the  sIkIci,  tue  snoxx  ;s  pluxxcd 
■iiui  comp.icied  .-Xt  lo.x  speeds,  tcmpci.iluies.  .ind  li  sids 
on  li.tid  siioxv  SUI  laces,  the  dotii  I  mint  |m  'cess  m  usual  ix 
d.'toimaii. m  ol  the  .ispeiities  (ui  one  oi  both  suit. ices. 
I  loxxex  c".  XX  hen  meltxx  ,itei  is  gene i  .lied  bx  pli.isc  cb.inge 
.It  the  I  iiiei  lace,  combined  sol  id -to  solid  mtei  ,ict  ion  .ii  id 
III  It  aie  I  Itibi  icatioii  .lie  the  domm.iiit  I'tocesses,  1  heie 
does  not  appeal  to  be  stitlicicnl  he. it  tix.iii.ible  lo  genei- 
ate  enough  meltxxatet  to  se|'ai.ilc  the  suil.iccs  com 
[iletelv  and  so,  undei  most  eiicumsi.u-  es  ot  sui't  i  ee/iiig 
coi.fiioiis.  It  xxill  be  iiecessaix  to  use  cl.istohx di o 


dyn;lnlic^  lo  Lindersi.ind  how  the  asperiiies  iiiieraci  iti 
ciiusc  drag.  W’lten  greater  qjtiniiiies  oT  meltwater  are 
present,  complete  separatiotiol  the  asperities  is  possible, 
but  the  siulace  .ueti  tor  drtie  iiicretises  cotisitlerahh  .  In 
additioi'.  Capillars  atitichments  may  then  adil  drag. 

Seseral  other  tnechanisms  iitas  be  important  too. 
including  electrostatic  charging  and  C'  ntammaiion  bv 
dm  ptimcles  altr.icted  by  the  charges.  Of  till  r)f  these 
mechtinisms.  tiie  one  that  is  etisicst  to  understand  is  the 
shear  of  melt  water  films.  Their  gen  'ration  is  controlled 
by  he;it  production  at  the  interface  and  heat  flow  into 
both  the  slider  and  the  ice  grains.  While  heat  floss  into 
the  ice  grains  is  nes  erl  rgc  compared  ss  i tit  heal  produc¬ 
tion.  ci'.h.cr  heal  floss  into  hnthly  coitduciisc  .sliders  or 
solar  radiation  absorb! ion  bs  dark  shdcrscaticottnol  the 
intcrfacial  temperature.  Thus  the  choiee  of  both  slider 
material  and  color  is  critical  and  depends  on  the  condi¬ 
tions  lor  sshich  the  slider  will  he  Used. 

The  front  o:  .1  slider  mos  ing  at  subfroe/mg  lempei.i- 
tures  tends  to  he  dry  and  it  can  be  e.isils  abraded.  Tiie 
maierial  a.nd  coaling  chosen  for  the  from  should  con- 
sidei  the  highei  friction  and  ahr.ision  .is  ssell  its  tite 
losscr  tcmjic'iiitates  thcic.  Depciuhng  on  the  \scight 
distribution,  the  stiine  may  be  true  tor  the  le.ir.  Iteeause 
the  fiitctioii  sif  the  slider  ih.ii  is  si.hjecied  lo  diy  sliding 
depends  on  thelheimal  |)io|ieriics  of  the  slidci  and  the 
!  UlC  LIC!VJ!  ll!  1'  ’!'! .  C  \  t  TC!  1'.'.'  ’!  ■  ‘UI'.I  b'.*  I!''**' I 

ill  a|)plying  the  lesulis  of  lahuminry  tests  I"  otltei 
csiiKlitions.  In  paiiicul.it.  the  shun  .ind  slots  sliders 
gtcneialiy  uscsl  m  the  lahnraioi  s  mas  espeiiencea  mticli 
largei  jiiupoiiion  of  dry  shdmgthan  the  piototy  |)es  they 
;iie  mlc'iuled  to  repic'sen',. 

I'olseiiiy  lene  surlacc's  are  kiio.sii  to  li.ise  loss  hic- 
tion  .(ltd  .lie  better  than  must  othci  polymeis.  ;il 
tiio'jgli  \s  aiei  Is  an  iiiellectr.  e  liihnctini  lorlhemiC'oheii 
.Hill  I  .ibur  I  h()(i|.  'I  his  a.ppe.iis  to  result  Irom  a  cunihi- 
ii.iuon  ol  pnipeities  that  disiiiuaiish  this  p.iiticul.u 
matci  lal 

•  I;  Is  hydniphohic  .ind  lem.iiiis  so  uiiilei  humnl 

cund'tioiis. 

•  It  Is  h. lid  .lud  Is  Mill  e.isils  d.im.igei!  by  ice  p.iilicles 

osei  most  ol  the  i.iiigeol  lempeiatiiieso!  luteicst 

•  It  IS  hnthly  ei.islic  .iiul  so  ,is|ien'.ies  c.iii  detoiui  lo 

.ihiiss-  lel.ilise  nuncmcMl  o!  ihe  suit.iccs  by 

ehistic.  i.niic'i  ill. Ill  |)eiiiiaiieul.  lieh a in.itmu. 

•  It  c.iii  be  siiioiiflicil  .ind  nnpi  ailed  ss  ill.  dilfcieii: 

p.illci  ns  that  ,il loss  moi  e  t.r.  oi.il  i!c  inlcMctmns 

ss  Mil  lee  gi.iii'.s  in  ihe  |ii"seiice  ol  mehssalci. 

•  It  C.III  be  m.ide  poMiis. 

•  ll  c.in  i'e  le.id.iy  co.iied  ss  ith  ss.o.cs  aiut  nlhi  1 

puls  mei  . 

•  Ise  dues  iii'l  n.'.idiis  .ulheie  lo  il. 


•  Its  tnciicii  is  not  gieally  aflecteil  by  sur'.ice 
cont.imination  (Lancaster  1972t. 

.Some  of  those  ihar.iciei  1st  icscoiiid  be  used  to  gi  eater 
advantage  by  using  olasto''sdrody nani'cs  to  predict 
boss  t lie  meltss  ater  films  ant  te  ice  grains  interact  with 
different  p.itterns  on  tlie  sli-  r  surface. 

ILxperinienial  obscrsaii  'rosidc  much-needed 
guidance  as  to  how  t  net  ion  s  ai  les  ss  ith  tcm|)er,i!uie  and 
grain  si/e  ;ind  with  slider  roughness,  hardness,  speed, 
load,  and  length.  Since  friction  is  genertilly  loss,  it  is 
difficult  to  conduct  tests  to  show  Itoss  n  varies,  and 
those  tests  ;ire  even  more  diftlcuh  under  the  conditions 
of  most  interest.  Tiie  results  clearly  show  that  frtciion  is 
high  sshen  too  much  watei  is  j^resent  and  that  it  is  loss  est 
at  or  just  below  O’C.  It  then  decreases  as  temperature 
drops,  [irobabls  because  more  beat  is  conducted  away 
hum  the  interface  latiier  lii  in  bec.iusc  ice  is  harder  at 
linser  temperatures.  Most  of  the  tiictiunal  pinccsscs 
may  occur  at  the  melting  temperature  because  of  tltish 
h.catmg  at  the  contacts.  .Some  roughness  is  desii.ible 
sshen  too  much  v.atei  is  present,  piobahly  because  it 
helps  hicak  up  the  ss  ater  t‘ilms,.ind  iongiluihnal  paitems 
should  help  to  icinose  sstilci.  Liictio.’  I'.ecie.iscs  ,is 
speed  liisl  incieascs  because  o',  the  onset  of  lubric.'ied 
meltiitg.  but  tiien  increases  at  highei  speeds  because  of 
niiiii-  hi-.il  ll  iss  ii'to  ihn  inn  niaiits  hi  id  ion  is  le.ison.'hK 
liidcpendeni  I't  load,  pcilt.ips  because  Ihe  euntiiet  tiieti 
incie.ises  piopoilion.ilely .  I  iiciion  ilcsiea.ses  .is  slidei 
length  incieases.  piob.ihly  hec.uiscagie.ilei  piopniti  tn 
of  its  length  is  hd'ticaled  by  mellss.itci.  .mil  flicl.nn 
(lecie.iscs.is grain  size  mci eases  hcc.iiise  ol  ihe  dy  I’.im- 
ICS  ol  die  ss.itei  lilm. 

'Ihe  lliicknesses  ol  Ihe  iiudiss atei  flints  base  been 
deduced  lioin  isso  types  ol  eleeiiical  mcasincmenis. 
'file  c.ipacilaiice  lesulIs  ol  .■Xinbach  and  M.isi  1  IhSI  j 
suggested  tihn  ihu  knesses  id  .“s  to  10  pm  nndei  the 
conditions  ul  mosi  inteicsi  I  hey  t  omul  dec  teasing  I  ilm 
thicknesses  .it  lossci  leiiipci.itnies.  .is  wmld  he  e\- 
pecleil  tiom  die  encigy  h.il.iiice.  and  thukei  t  ilms  S',  hell 
Ihe  pinpei  ski  ssa\  was  used.  Ihiwevei.  I  hns  ol  ihese 
liiKknessescaniioi  be  e\pl, lined  in  lei  ms  o!  ihe  eiieigy 
lhal  is  .isail.ihle  to  cieale  inellw ,iiei  ewen  sslien  I, nils 
eslienie  .issunij'lions  .iie  m.ide  ahoiit  ihe  p  n^esse-.  Ills 
seiy  Mn|ioil,iii!  lo  lesob  e  Ibis  issue  I'ceaiisc  ihe  eneigy 
b.il.iiKe  iiieiluHl  suggests  lii.ii  liie  lihns  .ne  lo'i  linn  to 
cniiiplek'K  sepaiale  ihe stii  hues,  while i.ic c.ij'a-  il.mce 
lesulis  Miggesl  lhal  they  .ne  Neilhei  iiietli  .d  h.is  lo  he 
.icceptcd  \s  ilhoat  i|nc  s|ioii.  snlhe  Issue  ■luisi  he  km  ils  ed 

io  .;nide  lutnie  lliinkiiig  .li’oal  ihe  \i  ly  pnuesses  ili.ii 
.i.couMi  loi  1 1  Id  ion 

I  lie  coni.iel  ai e.i  lias  bee’i '  lb  ei  s  ed  u  1  nu  le.ise  ss  ifli 
l-.'inpei.itiiie.  possibls  jiisl  bcc.u.si.  ol  .he  .im.iuni  o! 
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increased  meltwater.  If  it  were  determined  by  the  hard¬ 
ness  of  icc,  it  should  have  a  value  of  less  than  1 0"^,  but 
the  observed  values  are  greater.  Contact  area  appears  to 
exceed  1 0  for  most  conditions  of  interest  but  we  do  not 
know  how  much  of  that  contact  issolid-to-solid,  through 
high-pressure  liquid  films  or  through  low-pressure 
capillary  attachments. 

Slider  temperatures  can  be  easily  measured  and  they 
provide  indirect  evidence  about  the  frictional  processes. 
Funhermore,  since  wax  applications  work  at  the  inter¬ 
face,  their  selection  should  be  guided  by  knowledge  of 
the  temperature  at  the  slider  interface,  not  by  air  tem¬ 
perature.  Interface  temperatures  increase  rapidly  fol¬ 
lowing  the  onset  cf  motion  unless  the  slider  has  been 
preheated  by  direct  solar  radiation  absorption.  The 
effectiveness  of  waxing  can  be  seen  by  the  different 
temperatures  at  which  waxed  and  unwaxed  interfaces 
run,  and  heat  conduction  through  the  slider  can  be 
observed.  The  heat  flow  through  sliders  of  complex 
structure  has  been  computed  with  a  numerical  model, 
and  the  results  show  how  the  use  of  highly  conductive 
n  aierials  can  cause  a  significant  reduction  in  th-  heat 
a',  ailable  for  providing  meltwater. 

Given  the  wide  variety  of  conditions  that  occur,  it  is 
not  possible  to  construct  a  slider  that  would  have  opti¬ 
mal  perfomiance  for  all  conditions.  Slider  characteris¬ 
tics  cun  be  inodificd  by  restructuring  their  base  and 
reeoaiing  them  with  the  appropriate  wax.  I lowcvcr,  the 
ihemial  and  mechanical  charactcrisiics  arc  very  impor¬ 
tant,  and  even  their  color  can  affect  their  pcrfoimaricc 
under  many  conditions.  An  average  skier  generates 
more  than  200  W  of  heat  by  frictional  heating,  and  solar 
input  can  increase  that  substantially.  However,  some 
mcial  sliders  arc  highly  conductive  and  can  gicaily 
reduce  the  amount  of  heat  available.  Coatings  are  fre- 
qucnily  applied  to  polymers  lo  reduce  friction,  and  only 
very  tliiii  coatings  arc  necessary  to  have  an  cflcct.  Ilic 
technology  to  reduce  friction  on  snow  has  developed  to 
a  high  level  through  the  use  of  polyethylene  and  .appro¬ 
priate  coatings  without  a  detailed  undci standing  of  the 
processes  described  here.  1  lowcvcr,  further  cvolulioii  is 
desirable,  and  mat  apjicars  to  require  improved  deserq)- 
tions  ul  ilic  processes. 
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